
laboratory investigation

The C-1 vertebra is a ring structure with 2 lateral 
masses bridged anteriorly and posteriorly by 2 
arches. The cohesion of the craniovertebral junction 

(CVJ) results from the ligaments of the facet capsules (oc-
ciput–C1 and C1–2), anterior longitudinal ligament, tec-
torial membrane, apical and alar ligaments, and cruciate 
ligament formed by the transverse atlantal ligament (TAL) 
and longitudinal ligament.9,13 The medial tubercles of the 
lateral masses provide points of attachment for the TAL on 

each side (Fig. 1). Posteriorly, the myoligamentous com-
plex helps stabilize the CVJ.23,25

As the first cervical vertebra, the atlas has a crucial 
function in the anatomy of the upper cervical spine, acting 
as a transitional structure between the occiput and cervi-
cal spine. Because of the atlas’ ring shape and the lack of 
intervertebral disc, the atlantoaxial joint has the greatest 
range of motion and flexibility of all levels of the spinal 
column. With such flexibility, traumatic force vectors pro-
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Objective  The rule of Spence is inaccurate for assessing integrity of the transverse atlantal ligament (TAL). Because 
CT is quick and easy to perform at most trauma centers, the authors propose a novel sequence of obtaining 2 CT scans 
to improve the diagnosis of TAL impairment. The sensitivity of a new CT-based method for diagnosing a TAL injury in a 
cadaveric model was assessed.
Methods  Ten human cadaveric occipitocervical specimens were mounted horizontally in a supine posture with wood-
en inserts attached to the back of the skull to maintain a neutral or flexed (10°) posture. Specimens were scanned in 
neutral and flexed postures in a total of 4 conditions (3 conditions in each specimen): 1) intact (n = 10); either 2A) after a 
simulated Jefferson fracture with an intact TAL (n = 5) or 2B) after a TAL disruption with no Jefferson fracture (n = 5); and 
3) after TAL disruption and a simulated Jefferson fracture (n = 10). The atlantodental interval (ADI) and cross-sectional 
canal area were measured.
Results  From the neutral to the flexed posture, ADI increased an average of 2.5% in intact spines, 6.25% after a Jef-
ferson fracture without TAL disruption, 34% after a TAL disruption without fracture, and 25% after TAL disruption with 
fracture. The increase in ADI was significant with both TAL disruption and TAL disruption and fracture (p < 0.005) but not 
in the other 2 conditions (p > 0.6). Changes in spinal canal area were not significant (p > 0.70).
Conclusions  This novel method was more sensitive than the rule of Spence for evaluating the integrity of the TAL 
on CT and does not increase the risk of further neurological damage.
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duce unique and complicated fracture patterns that require 
special care for their diagnosis and treatment.9

Fractures of the C-1 vertebra account for 25% of crani-
overtebral injuries, 3%–13% of cervical spine injuries, and 
1.3%–2% of all spinal injuries.7 Atlas fractures are often 
associated with other injuries of the cervical spine. Axis 
fractures are associated with 40%–44% of atlas fractures 
and also with other soft-tissue injuries such as the rupture 
of the TAL.7

In terms of the capacity of atlas fractures to heal, the 
status of the TAL is a critical factor because it plays a cru-
cial role in determining atlantoaxial stability by maintain-
ing the odontoid process against the anterior arch of the 
atlas.17 Atlas fractures are defined as stable or unstable 
on the basis of the inferred integrity of the TAL. Accord-
ing to Dickman et al.,2 all Type I TAL fractures and most 
Type IIB fractures require surgical stabilization to heal 
correctly and to avoid future instability and the risk of 
fatal neural damage. Consequently, an early diagnosis of 
TAL impairment is essential.

Spence et al.20 proposed that the lateral spread of the 
atlantal lateral masses with respect to the lateral limits of 
C-2 as measured on a transoral radiograph could be used 
to infer impairment of the TAL. Their criterion for sus-
pecting a ruptured TAL was a spread greater than or equal 
to 7 mm. However, about 61% of TAL injuries are missed 
when this criterion is used.2,16 Another measurement that 
is widely used to assess the integrity of the TAL is the 
distance between the anterior arch of C-1 and the odon-
toid process, known as the atlantodental interval (ADI), 

as measured on flexion-extension radiographs. A normal 
ADI is defined as 3 mm or less. Approximately 25% of 
patients with an impairment of the TAL are considered to 
have normal anatomy using this criterion.2 However, un-
obstructed true lateral radiographs for accurately assess-
ing ADI are difficult to obtain.

In a previous study, we assessed patients with traumatic 
injuries of the CVJ, using CT as an alternative to MRI to 
evaluate the integrity of the TAL.18 The objective of the 
current study was to evaluate a new method for diagnos-
ing TAL disruption based on measurements from conven-
tional CT scans of cadaveric specimens held in a neutral 
posture followed by slightly flexed postures. CT scanning 
was used because it is the most widely used modality for 
diagnosing injuries of the CVJ and because it is more 
commonly available in emergency departments, com-
pared with the less accessible and more expensive MRI.

Methods
Cadaveric Specimens

The CVJ (occiput–C2 ) of 10 cadaveric specimens with 
a skull base and an intact portion of the posterior skull 
were used. Five specimens were from male donors and 5 
were from female donors (mean age 52 years, age range 
30–60 years). All specimens were obtained fresh frozen 
and unembalmed. Because cadaveric muscle tissue would 
add excessive resistance to movement, all muscle and pas-
sive soft tissue were dissected carefully without damaging 
the ligaments, discs, or joint capsules. The bone mineral 

Fig. 1. A: Superior view of the atlas showing the attachments of the TAL to the medial tubercles and atlantodental articular 
joint. B : Posterior view without the tectorial membrane showing the cruciate ligament complex along with the alar ligaments at-
taching the dens to the occipital condyles. The Oc–C1 and C1–2 capsules (not shown here) are also crucial for the stability of the 
CVJ.  C: Sagittal view demonstrating the posterior longitudinal ligament continuing as the tectorial membrane with insertion into 
the clivus. Also shown is the apical ligament, which attaches to the dens and basion and was obscured by the ascending band of 
cruciate ligament in panel B. From Dickman CA, Crawford NR, Brantley AGU, Sonntag VKH, Koeneman JB: In vitro cervical spine 
biomechanical testing. BNI Quarterly 9:17–26, 1993. Copyright Barrow Neurological Institute, Phoenix, Arizona. Published with 
permission.
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density of all specimens was measured using anteropos-
terior dual-energy x-ray absorptiometry to ensure that no 
specimen had poor bone quality.

Metallic artifacts on CT were was avoided by using 
plastic household cable ties to secure specimens to cus-
tom-made vertically oriented flat wooden boards. Cable 
ties were passed through both vertebral foramina of C-2 
and through holes in the board to secure the caudal sur-
face of C-2 rigidly to the board. A 2-cm-diameter wooden 
dowel was fixed to the skull base through a hole drilled 
at the level of the torcular herophili. In each specimen, 
the dowel length was adjusted so that the dowel rested 
against the board with the CVJ aligned in a neutral posi-
tion (Fig. 2 upper). Five such preparations of vertically ori-
ented boards with attached CVJs were mounted to a single 
horizontal board to allow the 5 specimens to be scanned 
together. Furthermore, wooden wedges were fashioned to 
create a 10° flexion angle when inserted between the ver-
tically oriented board and dowel (Fig. 2 lower). A flexion 
angle of 10° was selected based on a rough approximation 
of how much flexion might be achieved when a pillow is 
placed behind a patient’s head. To ensure consistent angu-
lation, we sized wedges for each specimen so that the ver-
tex was positioned at approximately the center of rotation 
of Oc-C1-C2 during flexion-extension.

Quantitative Anatomical Analysis
In the intact condition, specimens were scanned twice, 

once in neutral posture and once with wedges inserted to 
induce slight flexion (10°). We obtained 3D CT scans us-
ing 0.625-mm axial slice resolution in a clinical CT scan-
ner (LightSpeed, GE Systems).

For each specimen and in both postures, linear mea-
surements were obtained from the CT scans by using 
clinical image management software (Dominator, DR 
Systems, Inc.). Linear measurements included ADI and 
the external anteroposterior and lateral dimensions of the 
atlas. The area of the spinal canal at the midheight of C-1 
was measured in neutral and flexed postures.

To obtain calibrated and correctly oriented 2D images 
for area measurements, we used custom software to insert 
a graphic object of known length on the display and to 
rotate the resliced CT volume until C-1 was aligned with 
the image plane (Fig. 3). Image analysis software (Image 
Tool, UTHSC) was then used to outline the spinal canal 
on this image slice and to quantify the area of the spinal 
canal.

After CT scans were obtained in the intact condition, a 
typical Jefferson fracture (Type III of Jefferson’s classifi-
cation and Type II of Landells and Van Peteghem’s classi-
fication),2,13 was simulated in 5 of the specimens by cutting 
bilaterally the anterior and posterior arches of the atlas at 
their union to the lateral masses (Group A). These cuts 
were made using a high-speed drill (Dremel Corp.) using 
a small (1-mm) fluted bit. Drilling was performed meticu-
lously to respect the entire CVJ-ligamentous complex.

After CT scans were obtained in the remaining 5 intact 
specimens (Group B), the TAL was sectioned to reproduce 
a Dickman et al.2 Type I TAL injury, which always re-
quires surgical treatment. The TAL was completely tran-
sected unilaterally by cutting the ligament at its anatomi-

cal insertion into the left or right atlantal medial tubercle. 
CT scans of these specimens were then obtained in neutral 
and slightly flexed (10°) postures as described above.

After the fractures and the TAL injuries were created, 
all 10 specimens (Groups A and B) were briefly com-
pressed axially using a deadweight force of 135 N. This 
step was intended to reproduce the typical axial load that 
would be present from muscle forces and gravity after 
this kind of injury and to ensure that any bone fragments 
bridging between the atlas sections were dislodged. The 
specimens were then rescanned in the neutral and flexed 
positions, and measurements were obtained in the same 
fashion as in the first step.

Finally, further injury was induced in all 10 specimens 
to merge the 2 groups into a single group with an identical 
final condition resulting from 2 different injury sequences. 
That is, the TAL was sectioned or a Jefferson fracture was 
simulated initially, followed by the second injury, such that 
all specimens had both a Jefferson fracture and disruption 
of the TAL. CT scans of all 10 specimens were obtained 
again in neutral and flexed (10°) postures.

Statistical Analysis
Paired 2-tailed Student t-tests were used to compare 

the mean value of each parameter (ADI, lateral or antero-
posterior atlas dimension, and spinal canal area) between 
a neutral and a slightly flexed posture and between the 

Fig. 2. Upper: Human CVJ carefully dissected and fixed in a wood 
holder using plastic ties inserted through the vertebral foramina of C-2. 
In all specimens, a wood cylinder was placed at the level of the torcular 
herophili to obtain a neutral position.  Lower: Wood wedge used to cre-
ate slight flexion (10°) of the CVJ.
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two sequences of injury. Statistical significance was estab-
lished at p < 0.05.

Results
Both anteroposterior and lateral atlantal dimensions 

increased by 14.8% and 7.8%, respectively (p < 0.001), 
between the intact condition and the final compounded 
injury (i.e. fracture with ligamentous impairment) (Fig. 4). 
However, there was no significant difference in either atlas 
dimension (p > 0.45) between the neutral and flexed pos-
ture for either injury sequence (Groups A and B).

From the neutral to the 10° flexed posture, ADI in-
creased by 0.2 mm (2.5%) in intact spines and by 0.8 mm 
(6.25%) after a Jefferson fracture without TAL disruption 
(Group A), but the changes were not significant (p > 0.6, 
Fig. 5). However, when the TAL was impaired (TAL dis-
rupted, Group B) or disrupted with fracture (final condi-
tion), ADI increased by 0.4 mm (34%) in Group B and by 
0.42 mm (25%) in the final condition, between the neutral 
and the flexed conditions. The difference was statistically 
significant (p < 0.005) in both cases. There were no differ-
ences between the specimens in terms of which side of the 
TAL was cut (p = 0.64).

In the intact condition and the condition with frac-
ture and TAL impairment (final condition), there were 
no changes in spinal canal area between the neutral and 

flexed postures (Fig. 6). The area of the spinal canal in-
creased by 2.2% during flexion after TAL impairment and 
decreased by 3.5% during flexion, but the differences were 
not significant (p > 0.70).

Discussion
Treatment of atlas fractures is based on whether the 

fractures occur in isolation or in combination with other 
cervical spine injuries and on the integrity of the TAL, 
which is best assessed using high-resolution MRI.3 Iso-
lated atlas fractures without injury to the TAL or those as-
sociated with bony avulsion of the medial tubercle should 
be followed for instability with flexion-extension radiog-
raphy. Typically, the need for surgical fixation is deter-
mined by ligamentous impairment concomitant with the 
bony fracture.9

Spence et al. studied the axial load of lateral mass dis-
placement required to disrupt the TAL in 10 human speci-
mens.20 They suggested that, if the sum of the displace-
ment of lateral masses of the atlas exceeded 6.9 mm with 
respect to the C-2 lateral edges in the presence of an atlas 
burst fracture, the TAL could plausibly be torn. Their sug-
gestion was based on the assumption that an intact TAL 
would not be associated with lateral mass spread. Soon 
after Spence et al. published their findings, medical pro-
fessionals applied this so-called “rule of Spence” to plain 

Fig. 3. Screen shot of measurements of the area of the spinal canal using 3D imaging software developed by our laboratory. 
The software displays 3 mutually orthogonal slices through the CT volume and allows rotating and scrolling until a true axial slice 
through C-2 (right window) is obtained. The image scaling factor (mm/pixel) was obtained from an overlaid graphic object (red bar) 
of known dimension. The graphic axial slice was exported to freeware in which the spinal canal area was computed by counting 
pixels.
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transoral radiographs to diagnose a ruptured TAL. How-
ever, radiographs do not directly visualize the TAL.

Dickman et al.2 reported that applying the rule of Spen-
ce to diagnose a TAL injury after an atlas fracture would 
result in missing 61% of cases—only 39% of their cases 
exceeded the 6.9-mm lateral spread criteria. Other au-
thors have postulated that the ADI as measured on flexion 
radiographs is the best diagnostic tool for assessing the 
integrity of the TAL.15 Dickman et al.2 also studied the 
accuracy of the measurement of the ADI for the diagnosis 
of TAL impairment. Their data showed that using the ac-
cepted ≤ 3 mm ADI to represent normal anatomy resulted 
in as many as 26% of patients’ injuries being judged as 
normal despite the presence of a TAL injury. The authors 
suggested that a slightly flexed lateral plain radiograph 
would provide a more accurate method for indirect diag-
nosis of a TAL injury.2

Since 1996, research, including Part 1 of this study,18 

reflects the controversy surrounding the identification and 
treatment of atlantoaxial fractures.1,6,8–11,14,19,21,22 Kakarla et 
al. advised that the integrity of the TAL after injury should 
be assessed by CT and MRI to ensure diagnosis of this 

potentially devastating condition.9 Advances in MRI, vi-
sualization techniques, and protocols have played a major 
role in assessment of the TAL and related membranes in 
the upper cervical spine.1,4,11,12

Whether CT or MRI approaches are of equal or dif-
fering utility for identifying CVJ injuries is still debated. 
Nonetheless, MRI has become the gold standard for the 
assessment of the CVJ-ligamentous complex. In an emer-
gency department setting, however, CT with multiplanar 
reconstruction is the most affordable and accepted means 
of evaluating acute CVJ trauma.5 Furthermore, access to 
CT is almost twice that of access to MRI, with 9.41 CT 
scanners compared with 5.68 MRI scanners per 1,000,000 
population.24 Therefore, we focused our efforts on devel-
oping a new method to assess TAL impairment based on 
CT alone.

Our results indicate that the change in the ADI between 
a neutral and a 10° flexed position is a much more accurate 
way of assessing TAL impairment than previous methods. 
The ADI increased dramatically (almost 5-fold) from 
neutral to flexed in specimens with ligamentous impair-
ment. In contrast, there were no significant changes when 
the TAL was intact, even in this highly unstable model, 
without paraspinal muscle action. Although the diameter 
of the atlas increased significantly across all conditions, 
there were no significant changes between neutral and 
flexed positions.

On the basis of these data, we propose a new diagnos-
tic criterion to assess impairment of TAL on CT. On a 
cervical supine CT scan, an increase of more than 15% in 
the ADI between a neutral position (without head support) 
and a slightly flexed position (with a pillow or head holder) 
should be considered highly suspicious for a TAL injury. 
Although an angle of 10° was selected for this study, the 
exact target angle for optimal recognition of TAL injury is 
unknown. An angle change of 10° may be impractical in 
patients who have been placed in a cervical collar; further 
study would therefore be needed to test whether a reliable 
diagnosis using this method can be achieved with what-
ever angle change is allowed by the collar.

Our cadaveric model study did not represent the axial 
compressive forces generated by the cervical musculature. 

Fig. 4. Mean anteroposterior (AP) and lateral diameters of the atlas in 
each condition (neutral and 10° flexion). Error bars show standard devia-
tion. FL = flexion; Fx = fracture; Lig = ligament.

Fig. 5. Mean ADI in each condition demonstrating how it was affected 
by flexion. Error bars show standard deviation.

Fig. 6. Mean spinal canal area in neutral and flexed positions, demon-
strating lack of change with flexion. Error bars show standard deviation.
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Therefore, the atlantal lateral mass spread might have been 
smaller than would occur in a trauma patient. However, 
the specimens were compressed under physiological pa-
rameters, and paraspinal musculature was dissected to 
create a highly unstable model. Panjabi et al. used an aver-
age of 2860 N to produce an immediate CVJ injury and 
performed their measurements thereafter.16 Their results 
would be difficult to extrapolate to a clinical setting, be-
cause when patients are evaluated the CVJ is only under 
the compressive force generated by the cervical muscu-
lature and the force of gravity. Nevertheless, our study 
represents the worst-case scenario: a Jefferson fracture as-
sociated with complete disruption of the TAL with no soft 
tissue present to support the bony structure.

This method could be applied to clinical practice be-
cause the change in the area of the spinal canal is mini-
mal. That the area of the spinal canal does not change with 
slight flexion indicates that careful flexion of the cervical 
spine should be safe even in the presence of a Jefferson’s 
atlas fracture and complete disruption of TAL. Our find-
ings indicate the need for a prospective clinical study to 
assess the clinical sensitivity and specificity of this method 
in an emergency department setting. Changes in the ADI 
between neutral and flexed positions should be compared 
in patients suspected of CVJ bony and/or ligamentous 
injuries. Future studies of TAL injury in actual patients 
will provide further evidence regarding the sensitivity and 
specificity of this method compared with the MRI method.

Conclusions
This study explored the possibility of using 2 CT scans 

to evaluate the integrity of the TAL. The neutral scan rep-
resents a scan as currently obtained in trauma patients. 
The slightly flexed scan represents a scan obtained with 
some support behind the patient’s head to induce slight 
but not full flexion. The degree of flexion (10°) used was 
small enough to avoid encroachment of the spinal canal. 
Our results indicate that this method may be more sensi-
tive than the rule of Spence for evaluating the integrity of 
TAL in a clinical setting. We suggest that an increase of 
more than 15% in the ADI on CT scans between a neutral 
and a slightly flexed position is highly suspicious of a TAL 
impairment requiring surgical stabilization. Because CT 
scanning is more readily available worldwide than MRI, 
this method could be useful across a broad clinical spec-
trum.
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