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OBJECTIVE Our understanding of pediatric cervical spine development remains incomplete. The purpose of this analy-
sis was to quantitatively define cervical spine growth in a population of children with normal CT scans.

METHODS A total of 1458 children older than 1 year and younger than 18 years of age who had undergone a cervi-

cal spine CT scan at the authors’ institution were identified. Subjects were separated by sex and age (in years) into 34
groups. Following this assignment, subjects within each group were randomly selected for inclusion until a target of 15
subjects in each group had been measured. Linear measurements were performed on the midsagittal image of the cervi-
cal spine. Twenty-three unique measurements were obtained for each subject.

RESULTS Data showed that normal vertical growth of the pediatric cervical spine continues up to 18 years of age in
boys and 14 years of age in girls. Approximately 75% of the vertical growth occurs throughout the subaxial spine and
25% occurs across the craniovertebral region. The C-2 body is the largest single-segment contributor to vertical growth,
but the subaxial vertebral bodies and disc spaces also contribute. Overall vertical growth of the cervical spine throughout
childhood is dependent on individual vertebral body growth as well as vertical growth of the disc spaces. The majority of

spinal canal diameter growth occurs by 4 years of age.

CONCLUSIONS The authors’ morphometric analyses establish parameters for normal pediatric cervical spine growth
up to 18 years of age. These data should be considered when evaluating children for potential surgical intervention and
provide a basis of comparison for studies investigating the effects of cervical spine instrumentation and fusion on subse-

quent growth.
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velopment remains incomplete. Several previous

studies have measured growth at single cervical
segments® or at the craniovertebral junction,'323% as well
as the growth of surgically relevant anatomy such as pedi-
cles and lateral masses.! 263! Other studies have analyzed
growth of the subaxial vertebral bodies in patients between
infancy and 10 years of age,'” reporting morphometric
data according to age groups spanning 2 or 3 years. A few

O UR understanding of pediatric cervical spine de-

studies have investigated alignment of the cervical spine
in children as well .#!® Although each of these studies has
quantitatively defined some normal ranges for the pediat-
ric cervical spine, no study has comprehensively reported
normal measurements of the entire pediatric cervical spine
with attention to segmental morphometric analysis of each
cervical vertebral body and intervertebral disc (IVD) by
year of life. Previous investigations into growth of the pe-
diatric cervical spine after rigid instrumentation and fu-

ABBREVIATIONS D,-D; = depth of vertebral bodies C2-C7; H,~H, = height of C2-C7 vertebral bodies; IVD = intervertebral disc; L, = distance from the basion to the
midpoint of the inferior surface of the C-7 body; L = distance from the most superior aspect of the dens to the midpoint of the inferior surface of the C-7 body; L = distance
from the midpoint of the inferior surface of the C-2 body to the midpoint of the inferior surface of the C-7 body; L, = distance from the basion to the midpoint of the inferior
surface of the C-2 body; PACS = picture archiving and communications system; SC, = upper cervical canal diameter measured at the level of the C-2 body; SC, = lower

cervical canal diameter measured at the level of the C-7 body.
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sion have been limited because of the lack of knowledge
regarding normal growth across individual segments over
time 217

Surgeons are frequently asked to evaluate children for
cervical spine instrumentation and fusion for a variety of
indications. In many cases, treatment decisions may be
influenced by an understanding of the expected normal
growth for each age group.®'?22732 The purpose of the
present analysis was to quantitatively define cervical spine
growth in a population of children with normal CT scans.
This knowledge will facilitate clinical decision making
when considering spine interventions in children with cer-
vical spine disorders.

Methods

Patient Population

This study was approved by the University of Michi-
gan Institutional Review Board. Subjects selected for this
cross-sectional study were between 1 and 18 years of age
at the time of the scan during the period from 2008 to
2013. Each child had undergone noncontrast CT scanning
of the cervical spine at C. S. Mott Children’s Hospital at
the University of Michigan Health System. All eligible
subjects had sagittal and coronal reformatted images re-
constructed in 2-mm intervals as well as imaging from the
skull base to the inferior aspect of C-7. Computed tomog-
raphy scans were read by pediatric radiologists within the
University of Michigan Health System. Only those sub-
jects classified as having a normal CT scan were included
in the study. For this analysis, a CT scan was considered
normal if there was no evidence of congenital spine ab-
normality, prior spine surgery, or traumatic spine injury.
Subjects with inadequate imaging resolution or visualiza-
tion of the cervical spine were excluded from this study.

We identified 1458 children with a normal CT scan.
Subjects were separated by sex and age (in years) into 34
groups. The largest group was 16-year-old males (107 pa-
tients), and the smallest group was 6-year-old females (15
patients). Subjects within each group were assigned a ran-
dom number. Following this assignment, subjects within
each group were randomly selected for inclusion until
15 subjects in the group had been measured. Those who
met the exclusion criteria were not measured. Because of
the exclusion criteria, certain age and sex groups did not
consist of 15 subjects. These groups were 7-year-old fe-
males (14 measured patients), 6-year-old females (12 mea-
sured patients), 5-year-old females (12 measured patients),
4-year-old females (13 measured patients), and 2-year-old
females (12 measured patients). Four hundred ninety-eight
subjects met all inclusion criteria and thus were included
in the study.

Cervical Spine Measurements

Linear measurements were performed using the mea-
surement program in the ImageCast radiology information
system and picture archiving and communications system
(PACS; IDX Systems Corp.). Resolution of the measure-
ment program was 0. mm. All 23 unique measurements
were made on the midsagittal CT image of the cervical
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spine. Measurements to be collected were determined by
several of the authors (C.OM., KT.J.,, WN.A,, RCE.A.,
and M.L). All measurements were performed by 1 author
(K.T.J.) and were verified by another (C.O.M. or W.N.A)).

Four of these measurements spanned more than 1 ver-
tebra and were defined as long measurements. The dis-
tance from the basion to the midpoint of the inferior sur-
face of the C-7 body (L,), from the most superior aspect of
the dens to the midpoint of the inferior surface of the C-7
body (L), from the midpoint of the inferior surface of the
C-2 body to the midpoint of the inferior surface of the C-7
body (L), and from the basion to the midpoint of the in-
ferior surface of the C-2 body (L) were measured (Fig. 1).

A series of 4 techniques was then used to acquire short
measurements of the cervical spine. First, 6 measurements
of cervical spine vertebral body height were made for each
subject. The height of C-2 was determined from the most
superior point of the dens to the midpoint of the inferior
surface of the vertebral body (H,). For subaxial vertebral
bodies (H,—H,), the height of each vertebra was deter-
mined from the midpoint of the superior surface of the
vertebral body to the midpoint of the inferior surface of
the vertebral body (Fig. 2A).

Next, 6 measurements of vertebral body depth were
made for each subject. The depth of the vertebral body
of C-2 (D,) was determined by measuring the widest part
of C-2 inferior to the dentocentral synchondrosis between
the odontoid process and the body of C-2.7 For the C3-7
vertebral bodies (D;—D), the depth of each body was de-
termined by measuring from the midpoint of the anterior
surface to the midpoint of the posterior surface (Fig. 2B).

Next, each cervical IVD was measured. The superior
boundary for each measurement was defined as the mid-
point of the inferior surface of the superior adjacent ver-
tebral body. The inferior boundary for each measurement
was defined as the midpoint of the superior surface of the
inferior adjacent vertebral body (Fig. 2C).

Finally, the diameter of the cervical spinal canal was
measured at 2 locations. The upper cervical canal diame-
ter (SC,) was determined at the level of the C-2 body, mea-
suring from the most posterior edge of the C-2 body to the
point on the vertebral arch of C-2 where the line became
perpendicular to the spinal canal. The lower cervical canal
diameter (SC,) was determined at the C-7 level, measur-
ing from the midpoint of the posterior surface of the C-7
body to the point on the C-7 vertebral arch where the line
became perpendicular to the spinal canal (Fig. 2D).

Calculated Height of the Cervical Spine

The calculated height of the cervical spine was de-
termined for all patients by adding the L, measurement
(basion to the midpoint on the inferior surface of C-2)
to each of the H; through H, measurements (heights of
C-3 through C-7 vertebral bodies) and each of the IVD,
through IVD,_, measurements (heights of the IVDs).

Statistical Analysis

Means with standard deviations were calculated for
each of the 23 measurements in each of the 34 groups.
The ImageCast PACS system was used, and the measure-



FIG. 1. Midsagittal CT images demonstrating the technique for multiple-
segment cervical spine (long) measurements in the sagittal plane. Left:
The distance from the basion to the midpoint of the inferior surface of
the C-7 body (L,) and the distance between the most superior aspect

of the dens and the midpoint of the inferior surface of the C-7 body (Lg)
were measured. Right: The midpoint of the inferior surface of the C-2
body to the midpoint of the inferior surface of the C-7 body (L) and the
distance from the basion to the midpoint of the inferior surface of the
C-2 body (Lp) were then measured.

ment software has a resolution of 0.1 mm. Percentages of
growth were calculated using individual segmental mea-
surements and the calculated cervical spine height.

Results
Study Population

Patients included in this study had diverse indications
for a cervical spine CT scan. A fall from 20 feet or less or
a fall down stairs was reported by 139 patients (27.9%);
135 patients (27.1%) were involved in a motor vehicle ac-
cident; 120 patients (24.1%) were involved in accidental or
unexplained trauma; 79 patients (15.9%) were involved in
a sports injury; 8 patients (1.6%) reported a near-drowning
event; 6 patients (1.2%) presented with neck pain without a
history of trauma; 4 patients (0.8%) presented following a
seizure; 3 patients (0.6%) were evaluated following a sui-
cide attempt; 3 patients (0.6%) presented with unexplained
altered mental status; and 1 patient (0.2%) presented with
a soft tissue mass in the neck but not within the spine.

Two hundred thirty-nine patients initially selected by
randomization were subsequently excluded from this
study, 131 of them (54.8%) due to a condition affecting
the cervical spine. Of the 34 different conditions noted,
the most common were scoliosis, congenital cervical fu-
sion, and torticollis. Other exclusions were as follows: 14
patients (5.8%) with a finding of acute cervical spine frac-
ture; 6 patients (2.5%) with acute cervical subluxation; 9
patients (3.8%) with a previous cervical fracture or sublux-
ation; 34 patients (14.2%) with poor sagittal alignment on
CT, precluding accurate measurements; 18 patients (7.5%)
with a significant motion artifact on the scan, limiting our
ability to make accurate measurements; 13 patients (5.4%)
whose cervical spine CT did not include the entire cervical
spine from the basion to C-7; and 14 patients (5.8%) who

Development of cervical spine

FIG. 2. Midsagittal CT images demonstrating the techniques for short
measurements in the sagittal plane. Cervical vertebral body height
(H,~H,, A), cervical vertebral body depth (D,~D;, B), IVD height (IVD,_;—
IVDg_;, C), and cervical spinal canal diameters (D) at the C-2 (SC,) and
C-7 levels (SC,).

lacked a complete set of images, including sagittal recon-
struction in the image archive.

Morphometric Analysis

In the midsagittal plane, each of the long spinal mea-
surements showed increasing values throughout most of
childhood. Spinal height in boys continued to increase
throughout the measured ages (Table 1), although the rate
of growth decreased by 17 years of age. In contrast, longi-
tudinal growth of the cervical spine in girls had substan-
tially stopped by 14 years of age for most measurements
(Table 2). In boys, 50.0% of all longitudinal growth oc-
curred after 9 years of age. In girls, only 33.2% of growth
occurred after that age. Approximately 25.0% of verti-
cal growth in boys and 25.4% in girls occurs across the
craniovertebral junction, defined as the distance from the
basion to the inferior surface of C-2. There was no sub-
stantial difference between the measured spinal lengths
compared with the calculated lengths (Fig. 3).

Vertebral Body and IVD Growth
Increases in cervical vertebral body height are seen at
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TABLE 1. Male cervical spine midsagittal measurements by age*

Basion to Inferior Superior Dens to Inferior Inferior Surface of C-2 to Basion to Inferior Calculated Cervical
Surface of C-7: L, Surface of C-7: Lg Inferior Surface of C-7: L, Surface of C-2: L, Spine Height: C
Age (yrs) Mean SD Mean SD Mean SD Mean SD Mean SD
1 71.92 8.74 61.88 5.02 43.48 3.49 26.64 2.20 70.68 4.90
2 75.89 4.21 68.65 4.25 47.71 3.10 28.48 1.53 77.03 4.04
3 78.76 4.62 71.28 3.64 48.62 2.82 30.39 2.34 80.35 4.69
4 81.57 2.84 74.72 3.26 51.31 2.32 30.55 1.96 83.33 3.52
5 88.56 4.39 81.51 2.96 55.57 243 33.33 2.37 89.79 4.79
6 89.23 5.87 82.38 5.64 55.92 3.30 33.51 2.96 89.96 5.90
7 95.15 3.84 88.13 418 59.70 2.52 35.43 1.73 95.73 410
8 97.09 3.7 90.47 4.80 61.26 2.86 36.14 1.51 96.70 3.69
9 100.64 4.46 93.33 3.65 63.62 2.99 37.50 217 100.45 4.99
10 100.89 6.31 95.75 6.40 64.94 4.60 36.33 2.26 10113 5.82
" 113.01 16.41 102.47 7.66 70.95 511 38.93 247 108.19 719
12 109.81 743 104.31 721 72.22 5.95 36.69 5.65 10717 9.16
13 116.09 7.57 110.83 7.63 76.55 6.14 39.78 2.40 114.29 7.44
14 123.33 6.34 118.13 5.87 82.51 5.49 41.07 2.58 120.47 6.30
15 128.09 8.40 122.66 8.18 86.55 6.13 41.37 2.67 125.56 8.34
16 128.81 8.54 123.83 8.17 88.09 6.56 41.04 2.91 127.79 9.20
17 130.60 7.05 125.47 7.35 89.41 5.16 41.83 218 131.47 6.96

* Values expressed in mm.

the axis as well as throughout the subaxial spine in boys 4). This growth stops earlier in girls in a pattern consis-
(Table 3) and girls (Table 4). Subaxial vertebral body tent with the overall spinal height measurements (Fig. 3).
growth accounts for 57.3% of all cervical spine growth Increases in cervical vertebral body depth are also seen

between 1 and 18 years in boys and 60.5% in girls (Fig. at every cervical level in boys (Table 5) and girls (Table

TABLE 2. Female cervical spine midsagittal measurements by age*

Occiput to Inferior Superior Dens to Inferior Inferior Surface of C-2 to Occiput to Inferior Calculated Cervical

Age Surface of C-7: L, Surface of C-7: Lg Inferior Surface of C-7: L Surface of C-2: L, Spine Height: C
(yrs) Mean SD Mean SD Mean SD Mean SD Mean SD
1 67.75 3.70 59.57 2.68 42.21 219 25.83 219 69.11 3.72

2 7313 3.31 65.48 3.27 45.64 2.32 27.76 1.61 74.53 3.25
3 78.43 4.35 7110 4.26 48.49 3.54 30.08 1.56 80.57 442
4 83.48 6.79 77413 8.26 52.47 5.66 31.42 1.89 85.83 6.43
5 86.28 3.34 77.97 9.18 54.34 2.20 3213 1.84 87.10 3.03
6 90.56 4.23 84.54 416 55.85 2.54 34.99 2.67 91.68 4.00
7 91.90 4.97 86.03 4.94 57.86 3.42 3415 2.23 92.13 452
8 95.99 5.74 90.56 4.69 61.49 3.50 34.71 2.64 97.14 5.54
9 96.71 5.42 90.39 4.94 61.64 3.66 35.64 2.55 96.18 5.57
10 102.09 6.43 96.87 6.43 66.45 493 35.87 1.82 101.41 6.11
11 106.51 710 101.04 6.50 69.60 4.87 37.39 3.27 105.21 7.03
12 110.92 7.94 100.10 23.68 74.40 6.15 36.59 2.36 108.63 719
13 116.69 6.68 110.95 8.37 79.23 5.56 37.93 2.05 118.64 5.79
14 115.77 6.27 111.11 6.27 78.59 5.41 36.96 1.69 113.47 773
15 118.11 6.01 113.01 6.04 79.78 468 38.52 2.08 116.85 6.60
16 118.39 6.25 113.30 6.08 80.46 4.38 38.71 245 119.23 6.29
17 115.77 4.99 110.91 4.70 78.49 4.51 38.09 2.26 11747 4,95

* Values expressed in mm.
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FIG. 3. Measured (left) and calculated (right) height of cervical spine (basion to C-7). Error is calculated as the standard deviation

with measurement error.

6 and Fig. 5). Again, growth stopped earlier in girls in a
pattern consistent with the overall spinal height measure-
ments (Fig. 6). Intervertebral disc height increases sub-
stantially in childhood (Fig. 7) in both boys (Table 7) and
girls (Table 8). Cervical IVD growth accounts for 17.7% of
all measured growth of the cervical spine between 1 and
18 years of age for boys and 14.2% for girls.

Spinal Canal Growth
For both boys and girls, the spinal canal diameter did

TABLE 3. Male cervical vertebral body height measurements by age*

not increase substantially after 4 years of age (Table 9 and
Fig. 8). By 4 years of age, 92.0% of all spinal canal growth
at C-2 and 93.4% of all spinal canal growth at C-7 oc-
curs in boys. By 4 years of age, 93.5% of all spinal canal
growth at C-2 and 100% of all spinal canal growth at C-7
occurs in girls. Minimal continued growth is seen past 4
years of age in both sexes. Overall, the diameter of the
cervical spinal canal in boys only increases on average 3.2
mm at C-2 and 2.6 mm at C-7 during the pediatric years.
In girls, cervical spinal canal diameter only increases on
average 2.8 mm at C-2 and 2.0 mm at C-7.

Age C-2 Height: H, C-3 Height: H, C-4 Height: H, C-5 Height: H, C-6 Height: H, C-7 Height: H,
(yrs) Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
1 18.70 1.93 5.54 0.41 5.51 0.53 5.56 0.39 5.85 0.51 6.43 0.40

2 2113 1.37 6.42 0.54 6.33 0.63 6.37 0.81 6.59 0.66 742 0.59

3 22.93 1.21 6.45 0.62 6.60 0.56 6.60 0.63 6.64 0.61 7.37 0.77
4 23.79 1.90 6.75 0.89 6.64 0.88 6.75 0.91 6.83 0.78 7.83 0.83
5 26.31 1.59 6.97 0.48 7.01 0.68 7.24 0.75 7.24 0.59 8.41 0.77
6 26.80 2.86 6.95 0.58 6.95 0.54 7.05 0.60 713 0.42 8.20 0.58
7 28.84 2.23 7.67 1.11 7.75 1.07 7.65 0.85 8.01 0.97 9.07 0.93
8 29.57 2.87 7.79 0.84 7.81 0.74 7.71 0.69 7.92 0.55 8.94 0.70
9 30.12 2.02 8.15 0.84 8.05 0.86 8.05 0.83 8.25 0.94 9.53 0.86
10 31.27 2.20 8.65 1.06 8.45 0.89 8.26 0.94 8.36 1.11 9.44 1.28
11 33.12 2.21 9.15 1.33 8.98 1.22 8.68 1.05 8.72 115 10.57 1.59
12 32.72 1.83 9.45 1.47 9.26 1.28 9.31 1.23 9.31 1.40 10.93 1.76
13 34.59 2.26 10.22 1.50 9.88 1.34 9.91 1.36 9.85 1.38 11.59 1.65
14 36.17 1.83 11.30 1.26 10.72 0.95 10.56 0.79 10.85 112 12.61 1.21
15 36.65 2.67 12.67 1.80 11.89 1.16 11.54 1.23 11.69 1.33 13.46 1.32
16 36.84 1.77 12.95 1.80 12.49 1.64 12.05 117 12.00 1.49 13.97 1.23
17 36.86 2.28 12.91 118 12.50 1.30 12.05 0.84 1217 0.86 1410 1.16

* Values expressed in mm.
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TABLE 4. Female cervical vertebral body height measurements by age*

Age C-2 Height: H, C-3 Height: H, C-4 Height: H, C-5 Height: H, C-6 Height: H, C-7 Height: H,
(yrs) Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
1 17.53 115 5.55 0.30 5.51 0.43 5.62 0.28 5.77 0.35 6.46 0.52

2 20.19 118 5.80 0.55 5.83 0.59 6.01 0.64 6.24 0.75 7.08 0.75
3 22.88 1.65 6.55 0.61 6.48 0.60 6.49 0.79 6.67 0.82 7.57 0.72
4 25.08 3.05 712 1.54 7.23 1.37 7.07 1.11 7.09 113 8.06 0.97
5 26.39 2.29 715 0.63 6.99 0.34 6.95 0.45 7.04 0.52 8.03 0.54
6 2911 3.26 7.74 0.70 7.75 0.57 1.74 0.58 7.80 0.66 8.53 0.69
7 28.74 249 7.58 0.66 743 0.89 7.46 0.66 7.54 0.68 8.66 0.71
8 29.34 1.56 8.24 117 8.13 1.1 7.96 0.98 8.23 0.97 9.25 0.70
9 2915 1.81 7.99 0.87 767 0.71 7.74 0.78 7.74 0.99 8.85 0.88
10 30.79 1.71 9.06 0.96 8.66 0.83 8.81 1.09 8.83 1.26 10.11 1.33
" 32.34 1.94 9.59 0.94 9.21 0.93 9.08 0.84 9.29 1.14 10.76 1.23
12 32.69 2.03 10.07 0.96 9.88 0.88 9.57 0.97 9.70 0.75 11.09 1.08
13 32.40 3.74 11.27 0.88 10.91 1.1 10.75 1.01 11.01 0.95 12.68 112
14 33.30 1.72 11.06 0.95 10.01 2.65 10.61 1.37 10.89 1.34 1217 1.24
15 33.49 1.91 1115 1.26 10.68 1.46 10.66 1.45 10.57 113 12.04 147
16 33.89 246 11.29 0.92 11.01 0.84 1.11 0.56 10.99 0.66 12.55 0.73
17 33.35 1.16 11.69 0.99 11.43 0.97 11.40 1.07 11.25 118 12.39 0.83

* Values expressed in mm.

Discussion

We present several findings regarding normal growth
of the pediatric cervical spine: 1) vertical or longitudi-
nal growth continues up to 18 years of age in boys and
14 years of age in girls, with 50.0% and 33.2% of growth
occurring after 9 years of age, respectively; 2) 25.0% of
vertical growth in boys and 25.4% in girls occurs across
the craniovertebral junction, with approximately 75% of
growth throughout the subaxial spine; and 3) there is mini-
mal growth in the diameter of the spinal canal, with nearly
all growth (92% for boys and 93.5% for girls at C-2) occur-
ring by 4 years of age. Growth across the craniovertebral
junction is due to the combined individual growth of the
first 2 cervical vertebrae, C-1 and C-2. A disproportionate

—4—Female

Height [mm)

—E—Male

15 20

10
Age [yrs]

FIG. 4. Measurement of subaxial spine height (inferior edge of C-2 body
to inferior edge of C-7 body) in boys and girls. Error is calculated as the
standard deviation with measurement error.
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amount of this growth can be attributed to C-2 because of
the morphology of C-1 and the absence of an IVD between
C-1 and C-2. Growth of the subaxial cervical spine height
contained more equivalent contributions of individual
growth of the included vertebrae, C3—7, and the cervical
IVDs.

Surgeons are often asked to evaluate pediatric patients
for cervical spine instrumentation and fusion. In many
cases, treatment decisions may be influenced by the ex-
pected normal growth for each age group.”? For instance,
differential growth of a fused segment compared with that
of a normal segment may lead to iatrogenic changes in cur-
vature, including the “crankshaft phenomenon.”®2!2732 [t is
a commonly held notion that the pediatric cervical spine
matures and becomes closer to an adult cervical spine at
around 9 years of age.>#%!7-223! This concept has primarily
been developed and supported by studies examining radio-
graphs or injury patterns after trauma, which after this age
show findings similar to those in adults. Our study was not
designed to and cannot assess biomechanical properties of
the pediatric cervical spine at different ages. However, our
data demonstrate convincingly that normal growth of the
cervical spine across both the craniovertebral and subaxial
regions continues well past 9 years of age and throughout
the teenage years. This finding is consistent with the nor-
mal expected height increase in growing children. With
respect to segmental and overall cervical spine measure-
ments, we believe that the importance sometimes attached
to 8-10 years of age as a milestone in relative spine ma-
turity is too general. An analysis of fracture patterns does
suggest that this age may represent a turning point biome-
chanically, with respect to overall size and general shape,
rather than morphometrically.>9-11:1321.22.2428  Patients in
this age group can expect substantial future cervical spine



TABLE 5. Male cervical vertebral body depth measurements by age*

Development of cervical spine

Age C-2 Depth: D, C-3 Depth: D, C-4 Depth: D, C-5 Depth: D C-6 Depth: D C-7 Depth: D,
(yrs) Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
1 9.85 0.85 9.91 0.87 9.83 0.79 9.96 0.80 10.50 0.75 10.96 0.50

2 10.07 0.76 9.88 0.77 9.76 0.71 9.83 0.67 10.33 0.79 10.85 0.80

3 10.84 0.72 10.88 0.92 10.52 0.76 10.54 0.69 11.07 0.80 11.56 0.79

4 11.14 0.69 10.81 0.52 10.65 0.55 10.77 0.65 11.35 0.60 1.71 0.57

5 12.07 0.98 11.58 1.22 11.36 1.1 11.29 147 12.01 1.28 12.47 1.37

6 1217 1.26 11.86 143 11.61 1.20 11.61 1.22 1219 1.46 12.51 143

7 12.79 0.58 12.53 0.59 12.33 0.56 12.21 0.64 12.96 0.78 13.11 0.78

8 12.99 1.1 12.55 0.97 12.16 112 12.31 0.85 12.85 0.94 13.27 0.86

9 13.22 0.69 12.73 0.89 12.40 0.95 12.45 0.86 13.09 0.96 13.26 11
10 13.59 0.64 13.29 0.65 13.08 0.74 13.16 0.75 13.80 0.62 14.19 0.65
1" 14.79 1.33 14.29 1.33 14.02 1.44 14.31 1.52 14.68 1.33 15.15 1.51
12 14.51 114 13.93 118 13.71 118 13.76 119 14.53 147 14.89 147
13 15.75 1.76 14.98 1.69 14.76 1.78 14.59 1.77 15.09 1.55 15.45 1.61
14 16.05 0.84 15.25 1.00 14.79 1.06 14.83 1.36 15.39 1.33 15.68 0.97
15 16.77 1.08 16.16 1.28 15.61 1.03 15.49 115 16.11 0.85 16.18 0.93
16 16.21 1.28 15.33 1.24 15.10 1.56 14.93 1.50 16.97 1.68 16.01 1.46
17 16.79 115 16.23 113 16.29 1.28 16.24 1.58 16.87 1.36 1714 1.05

* Values expressed in mm.

growth, and this must be considered when making surgi-
cal decisions.

Data in this study may have some relevance for the
treatment of children undergoing instrumentation and fu-
sion of the cervical spine. While previous studies have
demonstrated that vertical growth across the cranioverte-

TABLE 6. Female cervical vertebral body depth measurements by age*

bral junction still occurs after rigid instrumentation and
fusion in young children,*!” our results provide a basis of
comparison and allow a greater understanding of the ef-
fects of surgery on long-term growth. For instance, one
concern raised in these prior reports is whether instrumen-
tation and fusion at a young age halt further growth of the

Age C-2 Depth: D, C-3 Depth: D, C-4 Depth: D, C-5 Depth: D, C-6 Depth: Dy C-7 Depth: D,
(yrs) Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
1 8.85 0.44 8.86 0.56 8.92 0.68 8.89 0.79 9.46 0.77 9.83 0.74

2 9.98 0.40 9.56 0.57 9.43 0.70 9.46 0.72 10.03 0.73 10.53 0.91
3 10.34 0.39 10.08 0.49 10.05 0.50 10.18 0.72 10.63 0.86 10.77 0.77
4 11.23 1.01 10.75 0.73 10.62 0.63 10.75 0.73 11.26 0.83 11.70 0.92
5 1119 0.77 10.51 1.43 10.31 1.27 10.43 1.36 11.07 1.55 11.33 1.43
6 11.38 0.56 10.97 0.80 10.59 0.59 10.75 0.56 11.55 0.74 11.89 0.73
7 12.04 0.83 1.27 0.58 11.14 0.42 1.31 0.56 11.98 0.64 12.01 0.63
8 12.42 0.80 11.48 0.65 11.21 0.59 11.49 0.63 12.08 0.74 12.09 0.70
9 12.56 0.96 12.04 0.95 11.78 0.94 12.07 0.98 12.80 1.11 13.09 117
10 13.08 1.45 12.42 1.28 1210 0.94 12.06 0.65 12.78 0.91 12.99 0.92
" 13.49 1.20 12.84 1.36 12.77 1.22 13.07 1.1 13.51 0.88 13.67 0.86
12 14.14 1.05 13.23 0.80 13.10 0.74 13.13 0.93 13.75 1.03 13.95 0.86
13 14.98 0.92 14.50 1.06 1413 0.97 14.07 0.78 14.66 0.68 14.55 0.70
14 14.31 1.08 13.83 1.04 13.25 1.05 12.94 1.02 13.65 118 13.85 1.41
15 14.73 115 1415 1.31 13.88 1.15 13.99 1.20 14.70 1.39 14.95 1.41
16 14.53 1.25 14.07 1.32 13.72 1.03 13.58 1.05 14.11 1.02 14.30 1.12
17 14.57 0.77 13.97 0.69 13.41 0.90 13.29 0.98 14.03 0.70 14.49 0.58

* Values expressed in mm.
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FIG. 5. Vertebral body depth in boys and girls for each cervical level. Error is calculated as the standard deviation with measure-

ment error.

spinal canal that could lead to spinal stenosis. Our results
would suggest that since growth of the spinal diameter of
the canal is nearly complete by 4 years of age, instrumen-
tation and fusion after this age would have minimal effect.
It is our hope that information of this type helps to provide
the basis for appropriate sizing of both anterior and poste-
rior instrumentation systems for children as the pediatric
population is woefully served by the existing cervical in-
strumentation systems.

Our report is unique in that it comprehensively exam-
ines a randomly selected cohort in 1-year age intervals and
measures all cervical vertebral bodies, IVDs, and over-
all sagittal lengths for the entire cervical spine including
the craniocervical junction, axis, and subaxial segments.
Several groups have previously addressed more limited
morphometric changes in the developing cervical spine.
For instance, Taylor measured vertical heights of the C-5
body and C5-6 disc on lateral spine radiographs obtained
in 24 individuals between the ages of 1 and 14.5 years.?
This author found that disc height increased during the
first 4 years of life but changed very little in the remain-
der of childhood. Similarly, the C-5 vertebral body in-
creased only very slightly between ages 4 and 14 years.
The analysis was limited by a very small sample size for
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each age group. In another study, Parenteau et al. reported
on measurements of the C-2, C-3, C-4, and C-5 vertebral
bodies obtained from plain radiographs in 96 patients,?
but they reported data according to large age ranges span-
ning 3 or more years. They also reported the mean body
depth for C2-7 rather than values for individual vertebral
levels.?* Kasai et al. reported on growth of the subaxial
cervical spine during childhood.'® They examined plain
radiographs for 10 boys and 10 gitls in 1-year age groups
until 18 years of age and measured vertebral body heights
for all vertebrae between C-3 and C-7. They did not mea-
sure the craniocervical junction, the axis, or the IVDs, and
they did not use CT or other digitally obtained scanning
techniques. Although their methods were different from
our own, these authors also found an increase in vertebral
body height in the subaxial cervical spine that continued
into the teenage years. More recently, Lee et al. studied
growth of the C-3 through C-7 vertebral bodies between
infancy and 10 years of age'® by using morphometric data
according to age groups spanning 2 or 3 years. They did
not analyze IVD height or evaluate patients 10 years of
age or older. Piatt and Grissom reported age-related find-
ings from the atlas and axis in a large number of children
undergoing CT scanning.”> That report, as well as a sub-
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FIG. 6. Vertebral body height in boys and girls for each cervical level. Error is calculated as the standard deviation with measure-

ment error.

sequent study,” focused on the development of ossifica-
tion centers and synchondroses rather than morphomet-
ric changes. In another study, Lee et al. investigated the
craniovertebral junction in children undergoing CT scan-
ning to quantitatively characterize normal growth at the
craniovertebral junction.”® Their analysis of C-1 and C-2
only included growth up to age 7 years. They found that
the C-1 and C-2 vertebrae grew continuously with age over
the ages that they studied. In a separate analysis, this group
also reported on growth of the subaxial cervical spine in
patients between infancy and 10 years of age."”

There are several important limitations to our study.
The data were derived from patients undergoing CT scan-
ning at a referral center. Although we attempted to exclude
patients with known spine abnormalities, the study co-
hort may not be identical to a group of healthy volunteers.
However, given the risk of radiation exposure with CT
and radiographs as well as the need for sedation in young
children undergoing MRI, it is unlikely that any study of
normal pediatric volunteers will ever be completed. Our
analysis of growth was determined by comparing differ-
ent patients at different ages rather than the same patients
followed longitudinally. It is important to acknowledge
that these measurements came from a wide variety of pa-
tients during different periods of their development. Our

institution is located in the midwestern United States and
should not be presumed to be exactly representative of pa-
tients in other geographic locations. Our study used quota
sampling rather than true random sampling. Although
quota sampling is useful for ensuring adequate and equal
representation of all targeted groups, it also means that
some of the patients within the eligible population were
not included and were not measured. As a result of quota
sampling, the findings may not accurately represent a true
random sample of the entire population. Any morphomet-
ric study based on imaging studies must acknowledge the
possibility of measurement errors.® Differences in ossifica-
tion, especially of the pediatric upper cervical spine, may
occasionally contribute to measurement error. Another
limitation of our study is the variability of patient position
during imaging. In the future, the use of dynamic imaging
may be able to overcome this limitation of static data mea-
surement. Each of our reported measurements was made
by a single individual. Although multiple observers with
interrater reliability analysis would have been preferred,
the very large number of measurements was more practi-
cally made by one individual.

We chose to measure the height of the cervical spine
in the midsagittal plane using 2 different techniques. The
“measured” height was simply the length of the line con-
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Age C2-3 Disc Height: IVD, ;  C3-4 Disc Height: IVD, , ~ C4-5 Disc Height: IVD,_;  C5-6 Disc Height: IVD;_  C6-7 Disc Height: IVD;_;
(yrs) Mean SD Mean SD Mean SD Mean SD Mean SD
1 3.39 0.47 3.06 0.44 2.93 0.43 2.84 0.47 2.92 0.44
2 3.32 0.41 315 0.39 2.96 0.38 297 0.37 3.01 0.28
3 3.60 0.50 3.39 0.58 311 0.54 297 0.45 3.23 0.46
4 3.87 0.64 3.77 0.61 3.30 0.71 343 0.53 3.63 0.49
5 4.29 0.51 4.1 0.38 3.68 0.37 3.57 0.34 3.83 0.34
6 4.37 0.57 416 0.53 3.78 0.62 3.83 0.52 4.04 0.66
7 4.49 0.64 417 0.61 3.90 0.63 3.81 0.54 3.79 0.57
8 4.39 0.38 4.27 0.51 3.91 0.53 3.87 0.48 3.97 0.51
9 4.45 0.67 4.40 0.54 4.01 0.51 3.98 0.42 4.09 0.45
10 4.65 0.62 4.44 0.73 416 0.54 3.99 0.70 4.41 0.91
" 4.75 0.79 4.65 0.77 4.49 0.64 4.63 0.92 4.64 1.05
12 4.79 0.66 4.70 0.66 4.09 0.46 419 0.47 4.45 0.57
13 4.95 0.63 4.81 0.42 4.47 0.68 4.30 0.60 454 0.55
14 4.89 0.58 4.82 0.64 4.42 0.60 4.40 0.84 483 0.71
15 4.81 0.60 4.67 0.65 4.51 0.55 4.33 0.65 4.62 0.52
16 4.91 0.68 4.65 0.78 4.41 0.58 4.61 0.52 472 0.43
17 4.89 0.50 5.24 0.66 5.35 0.51 517 0.47 5.27 0.59

* Values expressed in mm.
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TABLE 8. Female cervical IVD height measurements by age*

Development of cervical spine

Age C2-3 Disc Height: IVD, , ~ C3-4 Disc Height: IVD, ,  C4-5 Disc Height: IVD,_;  C5-6 Disc Height: IVD,_ s  C6-7 Disc Height: IVD,_,

(yrs) Mean SD Mean SD Mean SD Mean SD Mean SD
1 3.1 0.53 3.00 0.37 2.74 0.25 2.68 0.20 2.85 0.25
2 3.46 0.34 3.32 0.34 2.97 0.33 2.94 0.35 313 0.33
3 3.57 0.44 345 0.55 3.20 0.50 3.20 0.47 3.31 0.42
4 3.87 0.37 3.70 0.41 3.37 0.30 3.33 0.34 3.58 0.46
5 410 0.61 3.68 0.51 3.52 0.52 3.72 0.52 3.79 0.50
6 3.74 0.57 3.49 0.51 3.21 0.42 3.33 0.43 3.36 0.48
7 413 0.45 3.97 0.51 3.68 0.59 3.66 0.53 3.88 0.46
8 4.52 112 4.09 0.66 3.99 0.51 4.00 0.51 4.02 0.65
9 4.32 0.79 4.21 0.63 3.90 0.64 3.97 0.51 416 0.71

10 4.02 0.48 4.07 0.60 3.87 0.56 3.89 0.67 4.23 0.65
1 4.06 0.54 414 0.55 3.86 0.47 3.87 0.38 3.96 0.46
12 4.39 0.65 4.39 0.70 4.20 0.62 419 0.55 4.54 0.65
13 4.79 0.60 472 0.44 4.71 0.62 4.81 0.61 5.04 0.48
14 448 0.55 445 0.61 4.25 0.65 4.33 0.50 4.27 0.59
15 4.47 0.67 478 0.68 4.39 0.54 4.65 0.44 4.94 0.62
16 4.83 0.80 4.74 0.59 4.55 0.58 4.69 0.60 4.79 0.76
17 4.23 0.82 4.29 0.72 4.09 0.59 4.09 0.56 4.53 0.52

* Values expressed in mm.

necting 2 defined points. The “calculated” height was the
sum of the measured height of each individual component
(that is, every vertebra and every disc). We chose to mea-
sure and report the calculated height given our concern
that the measured height would not take curve into ac-

count and that this could affect height measurements over
multiple segments. We also chose to include a measured
height because of our concern that measurement errors
would be compounded when adding multiple measure-
ments together to derive a single value. When measured

TABLE 9. Cervical spine diameter at the C-2 and C-7 levels in boys and girls by age*

Male Female

Age C-2 Diameter: SC, C-7 Diameter: SC, C-2 Diameter: SC, C-7 Diameter: SC,
(yrs) Mean SD Mean SD Mean SD Mean SD
1 14.41 1.23 13.35 1.35 13.53 1.28 12.56 0.89

2 15.43 1.30 14.30 0.97 14.25 0.97 13.56 0.86
3 15.18 1.31 14.03 113 14.83 1.24 13.68 0.95
4 16.23 1.05 14.91 0.94 15.30 1.59 14.56 0.90
5 16.61 1.04 14.75 0.76 15.48 0.62 14.10 1.00

6 15.81 119 14.65 1.09 15.83 0.92 13.82 0.72

7 16.83 1.40 14.64 1.1 16.66 1.95 14.79 1.22

8 16.51 0.91 14.63 0.67 15.93 1.29 13.79 1.32
9 16.99 1.21 15.06 118 16.12 1.00 14.12 0.85
10 1719 1.22 14.77 1.38 15.75 1.68 14.16 0.76
1" 16.60 1.89 15.33 0.96 16.63 1.41 14.23 1.24
12 16.65 1.02 14.96 0.77 16.40 142 14.11 11
13 17.41 2.07 15.10 1.36 15.19 144 13.86 1.27
14 1712 1.40 15.45 1.61 16.33 1.07 14.11 114
15 15.70 143 14.53 117 15.61 1.67 14.15 1.06
16 17.58 1.07 14.70 0.85 16.99 210 13.96 1.15
17 17.64 1.04 15.97 1.32 16.37 149 14.51 0.93

* Values expressed in mm.
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and calculated heights were compared, however, the dif-
ferences between the two were not meaningfully different.

Conclusions

The cervical spine in children continues to grow verti-
cally across the craniovertebral junction as well as the sub-
axial segments into the later teenage years. These morpho-
metric changes should be taken into account when evalu-
ating younger patients for potential surgical intervention
and used as a basis for comparison with surgical outcomes
following instrumentation and fusion.
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