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Alterations of the Transverse
Ligament: An MRI Study Comparing
Patients With Acute Whiplash and
Matched Control Subjects

OBJECTIVE. The objective of our study was to evaluate whether there is injury to the
transverse ligament of the atlas in patients with acute whiplash.

MATERIALS AND METHODS. Ninety patients with an acute (< 48 hours) symptomatic
whiplash-associated injury and 90 healthy age- and sex-matched asymptomatic control subjects
(mean age of patients and control subjects, 36 years) were included. The maximal sagittal thick-
ness of the transverse ligament was measured on midsagittal T1 volumetric interpolated breath-
hold examination (VIBE) images and transverse reformatted VIBE images. The signal intensity
of the transverse ligament was measured on transverse STIR images and on transverse reformat-
ted T1 VIBE images before and after [V administration of gadoterate. Contrast between the trans-
verse ligament and CSF and alterations of contrast after gadoterate injection were calculated.

RESULTS. Patients had a minimally thicker transverse ligament (posttraumatic swelling)
than control subjects, and the difference in thickness was significant in men only (p = 0.03). In
patients, a significant signal alteration of the transverse ligament (p = 0.03) was seen on STIR
(posttraumatic edema) and native VIBE sequences. The contrast between the transverse liga-
ment and the CSF on VIBE images was significantly (p = 0.005) lower in patients than in con-
trol subjects. With the application of a contrast agent, the contrast difference between the trans-
verse ligament and CSF in patients and control subjects was less pronounced (p = 0.038). There
was no abnormal uptake of contrast agent by the transverse ligament or CSE.

CONCLUSION. The results of our study indicate possible involvement of the transverse
ligament in whiplash injury. Although MRI may be helpful to study injury-related changes
of anatomic structures in cohorts, it is not suited for individual diagnosis because the altera-
tions are too small.

eck pain and head pain are the on ligaments and muscles. Many MRI stud-
most prominent symptoms in the ies have focused on the craniocervical region
acute and chronic phases of whip-  in patients with chronic whiplash, typically
lash-associated injuries. As to focusing on the alar ligaments [3—7]. In this

which structures are damaged and to what ex-
tent are subjects of debate. Diagnosis of altered
structures may allow more specific treatment
strategies and potentially prevention. Impor-
tant forces thought to damage neck structures
are translational forces acting on zygapophy-
seal joints of the cervical spine [1], which are
stabilized by the cervical spine muscles in a
complex arrangement.

In experimental dynamic cervical spine
load studies with simulated rear-end impacts,
the craniocervical junction was the most vul-
nerable region [2]. At the CO-CI and C1-C2
levels there are, however, no facet joints an-
choring the vertebral bodies. Therefore, the
effect of translational forces at the cranio-
cervical junction may be most pronounced

study, contrary to previously published ones,
patients with whiplash-associated injuries
were evaluated in the acute phase. In this sub-
study of a larger whiplash project, we focused
on only the transverse ligament; all other lig-
aments of the craniocervical junction are re-
viewed in detail in another study. Our hypoth-
esis was that patients with acute symptomatic
whiplash injuries may have swelling, edema,
and an abnormal tissue-blood barrier of the
transverse ligament due to traumatic injury.

Materials and Methods

This study was approved by the responsible eth-
ics committees, and all patients and control sub-
jects provided written informed consent before
study inclusion.
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A

Fig. 1—Measurement of thickness of transverse ligament (retrodental soft tissue) in 31-year-old woman who presented to emergency department after being injured in

motor vehicle crash.

A, Thickness of transverse ligament was measured on midsagittal T1 volumetric interpolated breath-hold examination (VIBE) image from posterior border of dental

cortical bone to tectorial membrane parallel to reference line from most anterior point of anterior atlantic arch to most anterior point of posterior atlantic arch (volume
increase). Long line = reference ling, short line = thickness of transverse ligament.
B, Maximum thickness of transverse ligament (/ine) was measured on transverse reformatted 1-mm VIBE image on reference line from most anterior point of anterior
atlantic arch to most anterior point of posterior atlantic arch (volume increase).

Patients were recruited by the emergency de-
partments of two university hospitals. The sub-
jects analyzed in this study are part of a larger pro-
spective multicenter study supported by the Swiss
National Science Foundation aimed at evaluation
of MRI findings in patients with acute (i.e., within
48 hours of injury) whiplash and during follow-up.

Subjects

Patients presenting with acute whiplash-associ-
ated injury grade I or II, as defined by the Quebec
Task Force [8], after a rear-end motor vehicle crash
with a mechanism of forceful flexion and extension
of the cervical spine with persistent symptoms of
at least neck pain and stiffness were eligible for re-
cruitment. We included 30 patients of three differ-
ent age categories each: 20-29, 30-39, and 40-60
years. The first 90 consecutive patients of this on-
going study fitting into the three age categories with
completed diagnostic evaluation and their age- and
sex-matched control subjects were recruited between
August 2005 and June 2008. Eligibility criteria were
checked with a standardized questionnaire and in-
cluded whiplash injury less than 48 hours before
MRI, age of older than 18 years, sufficient knowl-
edge of the German language to understand the vari-
ous documents relating to this investigation and to
give written informed consent.

Patients were excluded if any of the following
aspects were found: fracture or subluxation of the
cervical spine as diagnosed on standard radio-
graphs or CT scans, direct head and brain inju-
ry, spinal tract and nerve root injury, prior head
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or spine surgery, prior whiplash injury with per-
sisting pain, musculoskeletal inflammatory disor-
ders or other severe illnesses with chronic pain or
inability to work, preexisting head or neck pain,
psychiatric disorders, drug or alcohol abuse, neo-
plastic disease of the head and neck, and contrain-
dications to MRI (claustrophobia, pacemaker and
other devices precluding MRI, or pregnancy).

The patients were examined on arrival in the
emergency departments by a team of emergency
physicians designated to the study for recruitment
and to clinically exclude severe injury, such as mul-
tiple trauma, and significant head or serious neck in-
jury, such as fracture-dislocation or subluxation. For
the study purposes, radiographs, CT scans, or radio-
graphs and CT scans of the cervical spine were then
reviewed by the emergency radiology team in col-
laboration with the emergency physicians to ensure
the patient was suitable for study inclusion. Eligible
patients underwent a clinical examination and com-
pleted questionnaires to determine the severity of
symptoms and impairment of quality of life. Subse-
quently, an MRI examination was performed within
the first 48 hours after the motor vehicle crash.

Healthy control subjects were recruited by ad-
vertisement within the involved university institu-
tion and were matched to patients for age and sex.
The same inclusion and exclusion criteria were
used as in the patient group.

MR Acquisition
MR images were obtained using a 1.5-T mag-
net (Sonata, Siemens Healthcare). The parameters

for the STIR transverse conventional spin-echo
sequence were as follows: TR/TE, 5110/28; inver-
sion time, 150 ms; flip angle, 180°; pixel matrix,
256 x 512; FOV, 210 x 158 mm; slice thickness, 3
mm; 20 slices; and turbo factor, 7. The parameters
for the unenhanced and enhanced (after 5 min-
utes) sagittal 3D volumetric interpolated breath-
hold examination (VIBE) sequence consisted of a
TR/TE of 6.86/3.34; flip angle, 12°; pixel matrix,
256 x 256; FOV, 180 x 124 mm; nominal voxel
size, 0.7 x 0.7 x 1 mm?; slice thickness, 1 mm;
and 72 slices. Gadoterate meglumine (Dotarem,
Guerbet) was administered at a flow rate of 3 mL/s
(dose, 0.2 mL/kg). A subtraction image of these
two sequences was then obtained to increase con-
spicuity of any contrast alterations. A dedicated
neck coil and a spine array coil were used with the
patient in the supine position. Saturation pulses
placed over the upper airways were used to reduce
breathing and vessel-related artifacts.

The sagittal 3D VIBE slices were centered on
the cord at the C4 level (72 images) with the most
superior point at the midpoint of the cerebellum.
The 20 transverse STIR images were obtained
perpendicular to the posterior surface of the ver-
tebral body in the middle of the respective verte-
bral body, with the most superior point at the mid-
point of the cerebellum.

Image Analysis

The images were analyzed using the lead hospi-
tal’s PACS. Blinded review of images of patients and
control subjects was performed by two observers,
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one with 3 years of experience in radiology and
one with 6 months of training reading MRI. Eight
measurements were performed per subject.

Thickness of the transverse ligament—The thick-
ness of the transverse ligament was measured
in the midsagittal T1 VIBE sequence from the
posterior border of the cortical bone of the dens
to the tectorial membrane parallel to a line drawn
between the most anterior part of the anterior
atlantic arch to the most anterior part of the
posterior atlantic arch (Fig. 1).

The thickness of the transverse ligament was
also measured on the transverse reformatted 1-mm
VIBE images.

Signal intensity of the transverse ligament—
Measurements of the mean signal intensity of the
transverse ligament and the CSF were obtained on
the transverse STIR images using a small region

MRI of the Transverse Ligament

Fig. 2—Measurement of
mean signal intensities
(standardized region of
interest) of transverse
ligament (upper circle)
and CSF (lower circle) in
31-year-old woman who
presented to emergency
department after being
injured in motor vehicle
crash. STIR sequence
was performed at level
where transverse
ligament has largest
diameter (edema).

of interest (ROI) at the level where the transverse
ligament had the largest diameter (Fig. 2).

As a measurement of image contrast, the dif-
ference between the mean signal intensity of the
transverse ligament and that of the CSF was divid-
ed by the sum of the same measurements.

Signal alterations of the transverse ligament
after 1V injection of contrast material—Measure-
ments of the mean signal intensity of an ROI in
the transverse ligament before and after contrast
administration were performed using transverse
reformatted 1-mm VIBE images. Measurements
were also obtained in the CSF on the same trans-
verse reconstructed VIBE images before and after
contrast administration (Fig. 3).

The 1-mm transverse VIBE images were refor-
matted on the workstations from the sagittal VIBE
sequence.

A

Distance and ROI measurements were traced
manually using a PACS (Easy Vision PACS View-
ing and Reporting Workstation, Philips Healthcare)
with Core software (Easy Vision IDSS, release 11,
version 11.4.1, Sectra). The size of the ROI was
standardized for each measurement (ROI = circle
diameter, 0.6 mm; circle area, 1.13 mm?).

To correct for arbitrary amplification of the sig-
nal intensities due to coil loading and other factors,
we calculated contrasts between tissues (i.e., trans-
verse ligament vs CSF) and relative changes of sig-
nal intensities before and after the uptake of contrast
agent as described in Appendix 1.

Statistical Analysis

Differences between patients and control sub-
jects for each of the tissue measurements were
assessed using nested linear models with group
(case or control); observer; and age, sex, and body
mass index (BMI) of the patient nested with-
in sex as explanatory factors. In addition, a sex-
stratified analysis was performed with sex omit-
ted from the models. Residual statistics were used
to check model assumptions and no violations
were detected. The agreement of measurements
between the two observers was determined us-
ing interclass correlation coefficients. To estimate
the reproducibility of the image analysis, one of
the two observers repeated the measurements.
Although only the first analysis of this observer
was used for the pooled calculations, the repeated
measurement was used to determine the intraob-
server correlation coefficients. Logistic regression
and receiver operating characteristic (ROC) curve
analyses were performed to obtain operator char-

acteristics to discriminate between patients and

Fig. 3—Transverse reformatted 1-mm volumetric interpolated breath-hold examination image obtained on reference line from most anterior point of anterior atlantic
arch to most anterior point of posterior atlantic arch in 31-year-old woman who presented to emergency department after being injured in motor vehicle crash.
A and B, Determination of mean signal intensity (region of interest) in transverse ligament (upper circles) and of dorsal CSF (lower circles) before (A) and after (B)

contrast administration.
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control subjects. SAS software (version 9.2, SAS
Institute) was used, and the significance level of
statistical tests was set as p < 0.05.

Results

A total of 90 whiplash patients were re-
cruited (mean age, 36.3 years; age range, 20—
61 years): The study group included 45 wom-
en (mean age, 36.3 years; age range, 20-59
years) and 45 men (mean age, 36.4 years; age
range, 20—61 years). For the 90 healthy con-
trol subjects, the corresponding demographic
data were a mean age of 36.5 years and age
range of 20-61 years for the entire group
(women: mean age, 36.4 years; range, 20-59
years; men: mean age, 36.5 years; age range,
20-61 years). There was no significant dif-
ference between patients and control subjects
with regard to age and BMI (mean BMI, 24.5
for patients and 23.5 for control subjects). For
age-related analyses, the patients and their
age- and sex-matched control subjects were
subdivided into three age categories (20-29,
30-39, and 40-60 years) with 30 patients and
30 control subjects in each category.

Thickness of the Transverse Ligament

The thickness of the transverse ligament
measured on the midsagittal T1 VIBE images
and on the transverse reformatted VIBE im-
ages was slightly greater in patients (mean,
1.99 mm [sagittal] and 1.98 mm [transverse])
than in control subjects (mean, 1.91 and 1.95
mm, respectively). This difference was sig-
nificant in men only (p = 0.03 and p = 0.04)
(mean: male patients, 2.12 mm [sagittal] and
2.10 mm [transverse]; male control subjects,
1.93 and 1.97 mm, respectively). The differ-
ence was not significant in female patients
and female control subjects (mean: female pa-
tients, 1.86 mm [sagittal] and 1.86 mm [trans-

Ulbrich et al.

verse]; female control subjects, 1.89 and 1.92
mm, respectively).

Signal Intensity of the Transverse Ligament

STIR images—The contrast between the
transverse ligament and the CSF on STIR
images (Tables 1 and 2) was significant-
ly (p = 0.007) different in patients (—0.60)
as compared with control subjects (—0.63).
There was not a significant contrast differ-
ence between men and women (p = 0.395) or
between study subjects based on BMI (p =
0.523) or age (p = 0.474).

Volumetric interpolated breath-hold ex-
amination images before and after 1V in-
Jjection of contrast agent—The contrast be-
tween the transverse ligament and the CSF
on VIBE images (Tables 1 and 2) was also
significantly (p = 0.005) different in pa-
tients (0.38) as compared with control sub-
jects (0.40). With the application of contrast
agent, the significance for a different contrast
between the transverse ligament and the CSF
in patients versus control subjects was less
pronounced (p = 0.038).

Signal Alterations of the Transverse Ligament
and CSF After IV Injection of Contrast Material
on Volumetric Interpolated Breath-Hold
Examination Images

Signal changes after application of contrast
agent did not reach significance for the trans-
verse ligament or for CSF (Tables 1 and 2).

Separation of Patients From Control Subjects
Based on Contrast Between Transverse
Ligament and CSF

Although the contrasts reached signifi-
cance between patients and control sub-
jects in the cohorts, the ROC curves were
very close to the diagonal. That is, there is

no possibility to find a value for the contrast
that separates control subjects from patients
purely on the basis of this measurement.

Interobserver Reliability and Reproducibility

The interobserver agreement of the thick-
ness measurements was moderate (sagit-
tal, 0.59; transverse, 0.46). Interobserv-
er agreement was classified as poor (< 0),
slight (0.01-0.20), fair (0.21-0.40), moder-
ate (0.41-0.60), substantial (0.61-0.80), or
almost perfect (0.81-1.00) [9]. The repeat-
ability in two analyses of observer A (intra-
observer agreement) was almost perfect for
sagittal (0.820) and transversal (0.817) thick-
ness measurements.

The interobserver agreement for all per-
formed measurements was significantly lower
(between fair and substantial) than the intra-
observer agreement (between substantial and
almost perfect) as shown in Table 3.

Discussion

Although some studies have found a con-
sistent association between chronic symp-
toms and MRI abnormalities [6, 7], the role
of imaging in detecting posttraumatic altera-
tions in patients with acute whiplash-associ-
ated injury has been a subject of debate [3-5,
10, 11]. In whiplash-associated trauma, dam-
age to the alar ligaments [3], the transverse
ligament [5], and the tectorial and posteri-
or atlantooccipital membranes [6] has been
postulated. The MRI findings may be sub-
tle and have not been verified by large study
groups obtained from different institutions.
However, the results of experimental studies
of animals [12] and cadavers [13—17] suggest
that these structures may, indeed, be at risk
with mechanisms probably working in whip-
lash injuries.

TABLE I: Calculated on the STIR Sequence and on the Volumetric Interpolated Breath-Hold Examination (VIBE)
Sequence Before and After Application of Contrast Agent

Contrast Between Transverse Ligament and CSF

Uptake of Contrast Agent (% Change in Signal Intensity)

Group STIR Unenhanced VIBE | Contrast-Enhanced VIBE By Ligament By CSF

All patients —0.60(-0.628t0-0.579) | 0.38(0.362-0.395) 0.38(0.362—-0.395) 3(0.1-5.6) 3(-0.2t06.9)
All control subjects | —0.63(-0.659t0—0.611) | 0.40(0.381-0.415) 0.40(0.379-0.416) 5(2-7.1) 5(1.4-9.1)
Patients

Female —0.60(-0.632t0—0.559) | 0.37(0.351-0.393) 0.39(0.364-0.408) 4(0.6-7.8) 2(-3.7106.8)

Male —0.61(-0.645t0—0.577) | 0.39(0.359-0.411) 0.37(0.344-0.397) 2(-2.9t05.9) 5(0.3-10.1)
Control subjects

Female —0.63(-0.663t0—0.590) | 0.41(0.384-0.435) 0.41(0.388-0.439) 2(-0.8t05.4) 2(-2.9t06.9)

Male —0.64(-0.675t0-0.610) 0.39(0.362-0.41) 0.38(0.355-0.409) 7(2.8-10.9) 8(2.5-14.4)

Note—The values in parentheses are the 95% Cls.
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TABLE 2: Significance Levels for Contrasts and Uptake of Contrast Agent by Transverse Ligament and CSF for

the Different Variables

Calculated Value Rater Age Patients Versus Control Subjects | Females Versus Males | Body Mass Index

Contrast between transverse ligament and CSF

STIR 0.001 0.474 0.007 0.395 0.523

Unenhanced VIBE 0.022 0.035 0.005 0.641 0.411

Contrast-enhanced VIBE 0.033 0.244 0.038 0.874 0.978
Uptake of contrast agent

By ligament 0.888 0.627 0.363 0.956 0.945

By CSF 0.701 0.259 0.212 0.484 0.731

Note—Boldface values are less than 0.05, significance level. Tests for generalized linear models indicate no violation of basic assumptions of the models for the contrast;
however, they indicate a violation for the uptake of contrast agent. The differences for the uptake of contrast are far above a significance level of 0.05.

The major stabilizers of the atlantoaxial re-
gion are the alar ligaments, the cruciate ligament
of the atlas, and the anterior and posterior
longitudinal ligaments. The cruciate liga-
ment of the atlas consists of the transverse
ligament and vertical fibers (a small fascicu-
lus that continues upward [crus superius] and
another downward [crus inferius]) [18] (Fig.
4A). The transverse ligament is a thick, strong
band that arches across the ring of the atlas
and retains the odontoid process in contact
with the anterior arch [18] (Fig. 4B).

In this study, contrary to previously pub-
lished studies, symptomatic patients with
whiplash-associated injuries were evaluated in
the very acute phase—that is, within 48 hours
of injury—and were compared with matched
control subjects. In addition to signal intensi-

ty, we also evaluated ligament thickness, con-
trast, and contrast enhancement. Krakenes et
al. [3—6] looked at the ligaments in patients
with chronic whiplash-associated injuries 2—9
years after injury in a motor vehicle crash on
proton density—weighted images (2-mm slice
thickness), whereas we selected patients with-
in the first 48 hours after a motor vehicle crash
and used STIR (3-mm slice thickness) and T1-
weighted VIBE (I-mm slice thickness with
isotropic voxels) images. The STIR sequence
is known as the most sensitive sequence for
depicting posttraumatic injury. Krakenes et
al. [3—6] considered increased signal on the
proton density—weighted sequence as a sign
of injury. However, high signal changes of
upper neck ligaments are found in asymp-
tomatic and symptomatic noninjured control

i
Il

subjects and thus may also be caused by de-
generation and normal aging or may represent
normal variants [19]. Furthermore, in a recent
study [20] high signal changes of the alar and
transverse ligaments seen on imaging within
7 days after car crash in patients with acute
whiplash-associated disorder (WAD) grade 1
or II were not related to clinical outcome at
12-month follow-up.

A study of dynamic cine MRI showed that
whiplash patients with long-standing symp-
toms had both more abnormal signal from the
alar ligaments and more abnormal movements
at the CO-C2 level than control subjects [21].

In this study, patients with acute whiplash
injury had a minimally thicker transverse liga-
ment. This finding was significant for men only.
Posttraumatic swelling may be the explanation.

Spinal canal

A

Fig. 4—Drawings show major stabilizers of craniocervical junction.
A, Cruciate ligament, alar ligaments, membrana tectoria, posterior longitudinal ligament (PLL) are shown in coronal plane. MT = membrana tectoria, 0CC = occipital,
AL =alar ligament, CS = crus superius of vertical fibers, AO = atlantooccipital membrane, TL = transverse ligament, Cl = crus inferius of vertical fibers, AA = atlantoaxial

membrane.

B, Transverse ligament (TL) is shown in transverse plane. Lat = lateral, OP = odontoid process, AA = anterior arch of atlas, PA = posterior arch of atlas.

AJR:197, October 2011
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TABLE 3: Inter- and Intraobserver Agreement of All Calculated Contrasts
and Uptake of Contrast Agent

Reliability
Calculated Value Interobserver Intraobserver

Contrast between transverse ligament and CSF

STIR 0.323 0.734

Unenhanced VIBE 0.654 0.850

Contrast-enhanced VIBE 0.510 0.909
Uptake of contrast agent

By ligament 0.372 0.721

By CSF 0.508 0.863
Thickness measurements

Sagittal 0.590 0.820

Transverse 0.460 0.817

In patients, a significant signal alteration of
the transverse ligament was seen on STIR and
unenhanced VIBE images and, to a lesser de-
gree, also on the VIBE series after the appli-
cation of a contrast agent. This effect possibly
relates to stretching and microtrauma to colla-
gen fibers of the transverse ligament with ede-
ma. Differences between patients and control
subjects are statistically sound. However, the
difference is too small for diagnosis in an in-
dividual patient. Nevertheless, such imaging
findings may help to increase our understand-
ing about injury mechanisms.

In a recent study, Dullerud et al. [22] did not
find any significant differences between whip-
lash patients and control subjects in assessment
of the alar and transverse ligaments; however,
increased signal on proton density—weighted
images was commonly observed in the trans-
verse ligaments of the healthy subjects. The
patients in that study [22] were examined 1-7
years after whiplash injury. In our study, we
examined patients within the first 48 hours af-
ter whiplash-associated injury. Moreover, we
performed a quantitative analysis, whereas
Dullerud et al. made a qualitative observation.
Nonetheless, in our study we found only slight
differences between patients and control sub-
jects regarding the transverse ligament.

There was no increased uptake of contrast
agent of the transverse ligament (blood-tis-
sue border) in patients compared with con-
trol subjects. This finding is understandable
because ligaments do not have a high blood-
rich vascular supply. The uptake of contrast
agent was not different for patients or con-
trol subjects.

Further reviews of measurements of the
transverse ligament in whiplash patients, like
those performed in this study, might be help-
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ful for recognizing (subtle) objective struc-
tural posttraumatic effects of whiplash.

However, our results suggest that upper
neck MRI is of limited value in the initial
examination of patients with WAD grade 1
or IT and cannot be recommended for routine
use in this setting.

One must realize that our analyses were per-
formed with the patient in a static prone con-
dition, not really reflecting real life with the
cervical spine in an upright position and bear-
ing the weight of the head. Dynamic cine MRI
in a small series of chronic whiplash patients
with long-standing symptoms (mean, 7.8 years)
showed abnormal movements in addition to
abnormal signal intensities at the CO-C2 lev-
el when compared with control subjects [21].
Whether such a dynamic examination proce-
dure is applicable in the acute stage of whiplash
injury is, however, questionable.

Limitations of the current study include
motion artifacts influencing signal intensi-
ty measurements on the STIR images. The
transverse ligament is a small structure,
and partial volume effects may have played
a role. To correct for variations of the sig-
nal intensity caused by systematic differ-
ences of the coil loading (e.g., by a relieving
posture of the patients) and by the MR sys-
tems at the two participating sites, we cal-
culated ratios of signal intensities (Appen-
dix 1). This eliminates potential influences;
however, it introduces the ambiguity that the
reference—in this case, CSF—-could be in-
fluenced by microhemorrhage. The CSF re-
laxation times and, thus, the signal intensity
may be influenced by the addition of small
amounts of blood. The presence of increased
protein content and the formation of deoxy-
hemoglobin are postulated to have potential

complex interactions and influence on the re-
laxation times [23-25]. In this study, how-
ever, the influence of blood in the CSF on
the observed results is unlikely because the
absolute signal intensities of CSF in patients
did not differ significantly from control sub-
jects (healthy volunteers). Therefore, we
conclude that the signal intensity of CSF is
a valid reference for the signal amplification
by the MR systems and that, thus, changes
in the ligament-CSF ratio represent chang-
es of the ligament. Positive aspects include
study numbers, excellent age and sex match-
ing of patients and healthy control subjects,
and prompt MRI after injury.

In conclusion, the results indicate a possi-
ble involvement of the transverse ligament in
whiplash-associated injury. Although MRI
may be helpful to study injury-related chang-
es to anatomic structures in cohorts, it may
not be suited for individual diagnosis be-
cause alterations are small.
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APPENDIX I: Definition of the Calculated Contrasts and Uptake of Contrast Agent

Contrast between ligament and CSF (STIR) =

Contrast between ligament and CSF (VIBE native) =

Contrast between ligament and CSF (VIBE after contrast agent) =

Uptake of contrast agent by ligament =

Uptake of contrast agent by CSF =

STIR intensity (ligament) — STIR intensity (CSF)

STIR intensity (ligament) + STIR intensity (CSF)

VIBE intensity (ligament) — VIBE intensity (CSF)

VIBE intensity (ligament) + VIBE intensity (CSF)

VIBE intensity (ligament) — VIBE intensity (CSF)

VIBE intensity (ligament) + VIBE intensity (CSF)

VIBE intensity (ligament after contrast agent) — VIBE intensity (ligament native)

VIBE intensity (ligament native)

VIBE intensity (CSF after contrast agent) — VIBE intensity (CSF native)

VIBE intensity (ligament native)
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