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Abstract: Background: Intervertebral instability is a relatively common finding among patients
with chronic neck pain after whiplash trauma. Videofluoroscopy (VF) of the cervical spine is a
potentially sensitive diagnostic tool for evaluating instability, as it offers the ability to examine relative
intervertebral movement over time, and across the entire continuum of voluntary movement of the
patient. At the present time, there are no studies of the diagnostic accuracy of VF for discriminating
between injured and uninjured populations. Methods: Symptomatic (injured) study subjects were
recruited from consecutive patients with chronic (>6 weeks) post-whiplash pain presenting to medical
and chiropractic offices equipped with VF facilities. Asymptomatic (uninjured) volunteers were
recruited from family and friends of patients. An ethical review and oversight were provided by
the Spinal Injury Foundation, Broomfield, CO. Three statistical models were utilized to assess the
sensitivity, specificity, positive and negative predictive values (PPV and NPV) of positive VF findings
to correctly discriminate between injured and uninjured subjects. Results: A total of 196 subjects (119
injured, 77 uninjured) were included in the study. All three statistical models demonstrated high
levels of sensitivity and specificity (i.e., receiver operating characteristic (ROC) values of 0.71 to 0.95),
however, the model with the greatest practical clinical utility was based on the number of abnormal
VEF findings. For 2+ abnormal VF findings, the ROC was 0.88 (93% sensitivity, 79% specificity) and
the PPV and NPV were both 88%. The highest PPV (1.0) was observed with 4+ abnormal findings.
Conclusions: Videofluoroscopic examination of the cervical spine provides a high degree of diagnostic
accuracy for the identification of vertebral instability in patients with chronic pain stemming from
whiplash trauma.

Keywords: whiplash; instability; videofluoroscopy; digital motion x-ray; positive predictive value

1. Introduction

Neck pain is a highly prevalent condition, occurring in 10-21% of the adult population annually [1].
A frequent cause of both acute and chronic neck pain is injury from a motor vehicle crash (MVC) [2].
Although a variety of spinal injuries are associated with MVCs, the most common injury type is
musculoligamentous sprain or strain [3]. Such injuries often result from the type of whiplash trauma
that is closely associated with rear impact crashes. The term “whiplash” refers to a traumatic whipping
motion of the head and neck, primarily occurring in rear impact crashes, that produces higher peak
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acceleration at the head than in the neck or thoracolumbar spine [4]. While some authors have also used
“whiplash” as a generic catch-all description for a variety of injuries resulting from whiplash trauma,
when used to describe an injury the term generally refers to cervical spine sprain/strain injury [5].

A well-established feature of whiplash trauma is injury to the ligaments of the cervical spine,
resulting in joint laxity and instability [6,7]. Intervertebral instability associated with ligamentous
injury can be both difficult to detect and refractory to treatment [8]. Because the diagnosis of vertebral
“instability” refers to an abnormality of function, the condition is typically not identifiable from static
postural radiographs and may be occult to other conventional imaging (i.e., MRI and CT) and thus is
prone to underdiagnosis [9].

A fluoroscopic examination of the spine (also known as videofluoroscopy (VF) or digital motion
x-ray (DMX)) allows for a continuous and minute examination of movement within the cervical spine,
including abnormalities of intervertebral motion associated with ligamentous instability [10]. Standard
VF records 30 images per second of continuous x-ray of active range of motion across multiple planes,
allowing for a dynamic four-dimensional visualization of the integrity of the ligaments of the upper,
mid, and lower cervical spine [10,11]. Typically, cervical spine VF motion studies include a lateral
view of flexion and extension (to examine anterior to posterior intervertebral instability) and anterior
to posterior views of bilateral flexion with the mouth closed (to evaluate for excessive facet gapping
in the mid and lower cervical spine) and the mouth open (to evaluate for lateral instability of C1 on
C2). The studies provide evidence of the functional integrity of the ligamentum flavum, anterior and
posterior longitudinal, interspinous, supraspinous and facet capsular ligaments in the mid and lower
cervical spine (C2-7), and the alar and transverse ligaments in the upper cervical spine (C0-2) [7,8,12].

Although prior authors have examined the interrater reliability of VF for detecting cervical
spine instability [13], at the present time there are no published studies describing the diagnostic
accuracy (e.g., positive and negative predictive values) of VF for detecting symptomatic whiplash
trauma-associated instability. The goal of the present study is therefore to provide a quantitative
assessment of the ability of VF to discriminate between patients with symptomatic post-traumatic neck
pain versus asymptomatic controls.

2. Methods

The study population was drawn from consecutive patients and patient relatives or acquaintances
at 11 chiropractic or medical offices with an available on-site VF facility. Ethical oversight and approval
was provided by a non-profit institutional review board (Spinal Injury Foundation-IRB00002637) in
Broomfield, CO, registered with the US Department of Health and Human Services. Verbal informed
consent was deemed adequate due to minimal risk, and was obtained from all study subjects in
accordance with the IRB approved protocol. The inclusion criteria for all subjects was an age of between
16 and 65 years and an absent history of cervical fracture, congenital anomaly, inflammatory arthritis,
diagnosed connective tissue disorders, metastatic disease of the spine, or any other bony or neurological
abnormality that was deemed to potentially affect the results of a VF examination. Symptomatic
(injured) subjects were recruited from patients actively seeking treatment for subacute or chronic neck
pain persisting for more than 6 weeks after a traffic crash-related acute neck injury. Asymptomatic
(uninjured) patients were recruited from relatives or acquaintances of patients presenting to the offices,
and who did not, in the prior year, have a history of either chronic neck pain or episodic neck pain
persisting for >1 week.

There were 5 VF motion view examinations of the cervical spine included in the study: 1) an
anterior to posterior (A-P) view of the entire cervical spine, with right and left lateral flexion to the
comfort of the patient; 2) A-P view of the upper cervical spine with the mouth open, with right and
left lateral flexion to the comfort of the patient; and 3) lateral view with flexion and extension to the
comfort of the patient, and 4-5) right and left oblique views with flexion and extension to the comfort
of the patient. The limit of translation (slippage) used as the expected threshold for “normal” spines
was 2 mm based on the so-called “rule of 2s” [14], as fewer than 10% of the spines of the uninjured
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and asymptomatic study group would be expected to exceed this degree of slip [15,16]. The upper
threshold of normal intervertebral flexion used for the study was 10 degrees [17]. Other parameters
used for assessing the VF studies are described in further detail in Table 1.

Table 1. Measured parameters of videofluoroscopy (VF) views/motions.

Anatomlc;jll/ Vertebral VE II'IOtlf)n . Expected Normal
Biomechanical Level Examination/ Measurement Details Values
Parameter (View) View Details
Maximum difference in lateral
translation (in mm) of the
Lateral overhan A-P open mouth, R lateral margin of the lateral 2 mm or less
(AP) & C1-2 and L lateral mass of C1 relative to the overhang difference
flexion lateral margin of the superior between sides
articular facet of C2, between
sides
Bilateral symmetry of gap
Peri-odontoid A-P open mouth, R between dens of C2 and Symmetrical ea
space symmetry C1-2 and L lateral medial margin of lateral mass ymaintainecglg P
(AP) flexion of C1, observed at extreme R
and L flexion
Maximum anterior (in flexion)
or posterior (in extension) .
. 2 mm or less anterior
. Lateral translation of vertebral body .
Translation (lat) C2-7 . . . . . . or posterior
flexion-extension relative to adjacent inferior .
translation
vertebra, measured at
posterior vertebral body line
Intervertebral Lateral Angle between adj acen.t
. Cc2-7 . . posterior vertebral body lines 10 degrees or less
angulation (lat) flexion-extension . . .
in maximum flexion
Degree of synchronous Inter-spinous process
SP engagement o7 Lateral movement between adjacent distance increases
(lat) flexion-extension spinous processes during commensurately
flexion from neutral with flexion
SP coupled AP c-spine R and L Degree of couplf:d spinous Spinous process
C2-7 . process rotation with rotates during lateral
movement (AP) lateral flexion . . .
ipsilateral flexion flexion
. . No appreciable
Facet gapping (AP) C2-7 AP c-spineRand L Degree of separation at facet gapping at maximum
lateral flexion during maximal lateral flexion .
lateral flexion
R and L oblique Degree of separation at facet No appreciable
Facet gapping (obl) Cc2-7 c-spine during maximal forward gapping at maximum
flexion-extension flexion forward flexion
R and L oblique Degree of symmetrical Movement and
Facet symmetry oviq movement at facets during degree of gapping is
C2-7 c-spine . . .
(obl) . . flexion and extension, symmetrical between
flexion-extension I .
comparing right and left sides

Abbreviations: AP = anterior to posterior view, lat = lateral view, obl = oblique view, mm = millimeters, R and L =
right and left, SP = spinous process, c-spine = cervical spine.

Two raters trained in radiology and experienced in interpreting VF examinations evaluated the 5
studies of each patient for intervertebral movement from C1-C7. The raters were blinded as to prior
interpretation of the studies. Details of measurement/assessment category choices for the VF readers
are listed in Table 2. Where the raters disagreed, the more conservative (normal) of the 2 ratings was
used to reduce the risk of Type I (false positive) error. The ratings were then dichotomized into either
the “expected normal” finding or not (i.e., abnormal), as detailed in Table 2. Examples of normal and
abnormal VF findings are depicted in Figures 1-4.
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Table 2. Definitions used for each VF parameter measurement.

Measurements Dichotomous Recode
0-2 mm
C1-2 lateral overhang (AP view) i 2:2 22 2_22 rrrl:rrrrll
> 6 mm
C1-2 peri-odontoid Sy.mmetrical . Symmetrical
symmetry (AP view) %;;ﬁi‘:;{ginetﬂcal Asymmetrical
0-2 mm
C2-7 translation (lat view) i éj Eﬂ 2_22;:;:
>4 mm
C2-7 inter-vertebral <10 degrees < 10 degrees

angulation (lat view)

10 + degrees

10 + degrees

C2-7 SP engagement
(lat view)

In sequence
Moderately out of sequence
Markedly out of sequence

In sequence
Not in sequence

C2-7 SP coupled movement (AP view)

In sequence
Moderately out of sequence
Markedly out of sequence

In sequence
Not in sequence

Insignificant

. . : Insignificant
C2-7 Facet gapping (AP view) Noticeable g
Marked Not insignificant
Insignificant InsignificantNot
C2-7 Facet gapping (obl view) Noticeable insign ificant
Marked &
Symmetrical Symmetrical
C2-7 facet symmetry (obl view) Mildly-Asymmetrical Y .
. Asymmetrical
Asymmetrical

Abbreviations: AP = anterior to posterior, lat = lateral, obl = oblique, mm = millimeters, SP = spinous process.

Figure 1. Exemplar of AP open mouth left lateral flexion view of C1 on C2, demonstrating normal
alignment. The dashed line indicates the lateral border of the left lateral mass of C1, and the solid
line indicates the lateral border of the left articular pillar of C2. The 2 lines are aligned, indicating no
translation of C1 on C2 with maximal voluntary left lateral flexion. Note: the image has been reversed
so that left on the image corresponds with the patient’s left.
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Figure 2. Exemplar of AP open mouth left lateral flexion view of C1 on C2, demonstrating abnormal
alignment. The dashed line indicates the lateral border of the left lateral mass of C1, and the solid
line indicates the lateral border of the left articular pillar of C2. The red arrow indicates 8 mm lateral
translation of C1 on C2 during maximal voluntary lateral flexion. Note: the image has been reversed so
that left on the image corresponds with the patient’s left.

Anterior

Figure 3. Exemplar of lateral cervical flexion view, demonstrating normal alignment of C2 on C3. The
dashed line indicates the posterior margin of the vertebral body of C2, and the solid line indicates the
posterior margin of the vertebral body of C3. The 2 lines are aligned, indicating normal alignment of
C2 on C3 upon maximal voluntary flexion.
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Anterior

Figure 4. Exemplar of lateral cervical flexion view, demonstrating abnormal alignment of C2 on C3.
The dashed line indicates the posterior margin of the vertebral body of C2, and the solid line indicates
the posterior margin of the vertebral body of C3. The red arrow indicates 5 mm of anterior translation
of C2 on C3 upon maximal voluntary flexion, which is limited due to pain.

The data were first evaluated for differences between the symptomatic and asymptomatic patients
with respect to age, sex, and abnormal VF findings (see Table 3). The differences in average age and
total number of abnormal VF findings were evaluated with t-tests, while the categorical variables
were evaluated with chi-square tests. The data were then randomly split into a 75% training data set
and a 25% testing data set. The training data set was used to build 3 different statistical models to
assess the best model for identifying injured patients. The first model was based on combinations
of VF measures, age, and sex as established by stepwise logistic regression (entry p-value = 0.20;
exit p-value = 0.05); the second model used the total number of abnormal readings as a continuous
variable in an adjusted logistic regression model including age and sex; and the third model was a
cut-point analysis to establish a threshold for the dichotomous classification of the total number of
abnormal readings. The training model predictive value was quantified with the area under the receiver
operating characteristic curve (ROC), while the lack of fit was evaluated with the Hosmer—Lemeshow
goodness-of-fit test. The testing data set was used to verify the predictive ability of the models by
examining the sensitivity (probability that the test would correctly identify injured patients) and
specificity (probability that the test would correctly identify uninjured volunteers). Positive predictive
value (PPV) and negative predictive value (NPV) were also calculated for the models. PPV quantifies
the probability that an individual with a positive test is an injured patient, and NPV is the probability
an individual with a negative test is an uninjured volunteer. All analyses were performed using SAS
Software, Version 9.4 (SAS Institute Inc., Cary, NC, USA). The dataset used for the analysis can be
accessed in the supplementary Tables S1 and S2.
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Table 3. Crude associations between injured and uninjured groups.

Symptomatic, Asymptomatic,

n=119 n=77 p-Value*
Demographic (%)
Female, n (%) 90 (75.6) 36 (46.8) < 0.0001
Age, mean (se) 40.5 (1.26) 33.9 (1.36) 0.0006
Abnormal VF finding count (%)
Total abnormal VF findings, mean (se) 1.2 (0.16) 0.13 (0.04) < 0.0001
C1-C2 lat overhang (AP), n (%) 75 (63.6) 25 (32.5) < 0.0001
C1-C2 peri-odontoid (AP), n (%) 34 (28.8) 3(3.9) < 0.0001
C2-7 translation (lat), n (%)
C2-C3 38 (31.9) 2 (2.6) < 0.0001
C3-C4 13 (11.0) 9(11.7) 0.88
C4-C5 58 (48.7) 19 (24.7) 0.001
C5-C6 23 (19.3) 2 (2.6) 0.001
C6-C7 3(2.5) 0(0) 0.16
C2-7 intervertebral angulation (lat), n (%)
C2-C3 5(4.2) 0(0) 0.07
C3-C4 8(6.7) 1(1.3) 0.08
C4-C5 30 (25.2) 6(7.8) 0.002
C5-C6 10 (8.4) 3(3.9) 0.22
C6-C7 4(3.4) 0(0) 0.1
C2-7 SP engagement (lat), n (%)
C2-C3 2(1.7) 0(0) 0.25
C3-C4 15 (12.6) 1(1.3) 0.005
C4-C5 28 (23.7) 0(0) < 0.0001
C5-Cé6 30 (25.2) 0(0) < 0.0001
C6-C7 12 (10.2) 0(0) 0.004
C2-7 SP coupled motion (AP), n (%)
C2-C3 3(2.6) 0(0) 0.16
C3-C4 11 (9.4) 0(0) 0.006
C4-C5 32 (27.4) 0(0) < 0.0001
C5-Cé6 49 (41.9) 3(3.9) < 0.0001
C6-C7 9(7.7) 4(5.2) 0.5
C2-7 facet gapping (AP), n (%)
C2-C3 1(0.9) 0(0) 0.41
C3-C4 14 (12.1) 0(0) 0.002
C4-C5 40 (34.5) 3(3.9) < 0.0001
C5-Cé6 44 (37.9) 0(0) < 0.0001
C6-C7 15 (12.9) 1(1.3) 0.004
C2-7 facet gapping (obl), n (%)
C2-C3 3(2.6) 0(0) 0.16
C3-C4 14 (12.0) 0(0) 0.002
C4-C5 56 (47.9) 1(1.3) < 0.0001
C5-Cé6 49 (41.9) 2 (2.6) < 0.0001
C6-C7 33(28.2) 2 (2.6) < 0.0001
C2-7 facet symmetry (obl), n (%)
C2-C3 3(2.6) 0(0) 0.16
C3-C4 10 (8.6) 0(0) 0.008
C4-C5 32 (27.4) 3(3.9) < 0.0001
C5-C6 22 (18.8) 4(5.2) 0.007
C6-C7 15 (12.9) 1(1.3) 0.004

* t-test for Age and Total abnormal VF findings; Chi-square for all others. Abbreviations: AP = anterior to posterior
view, lat = lateral view, obl = oblique view, mm = millimeters, R and L = right and left, SP = spinous process, c-spine
= cervical spine.
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3. Results

A total of 196 subjects were recruited for inclusion in the study, divided into 77 (39.3%)
asymptomatic/uninjured volunteers and 119 (60.7%) symptomatic/ injured patients (Table 3).
The symptomatic patients were significantly more likely to be female (75.6% vs 46.8%; p-value
< 0.0001) and were significantly older (40.5 vs 33.9; p = 0.0006).

The uninjured volunteers had substantially fewer abnormal VF readings across all 37 combinations
of measures and spinal levels (average 7.0 vs 1.2 per patient; p < 0.0001); none of the uninjured volunteers
had abnormal findings for 17 of the measured parameters, and only three of the parameters were
positive for abnormality in >10% of the asymptomatic group (C1-2 overhang, and C3-4 and C4-5
translation). In comparison, among the injured patients there was at least one subject with abnormality
in all of the 37 VF parameters, and in 23 VF parameters, more than 10% of the injured patients
were interpreted as abnormal. There were 24 of the VF parameters in which there was a statistically
significant difference between the two study groups; in all cases, the frequency among the injured
patients was greater than among the uninjured volunteers. See Table 3 for more details.

Three predictive statistical models were examined in order to determine the model with the
highest degree of diagnostic accuracy for differentiating between injured patients and uninjured
volunteers. These models and their results were as follows:

3.1. Model 1

Stepwise logistic regression using all VF parameters, as well as age and sex, was used. Entry
p-value = 0.20. Exit p-value = 0.05.

Model 1 results: The only single VF parameter found to be a significant predictor for symptomatic
patient status was C4-C5 facet gapping. The ROC was 0.71, and the likelihood that a patient with an
abnormal C4-C5 facet gapping finding would be symptomatic was 44.9 times greater than a patient
with a normal C4-C5 facet gapping finding (95% CI (5.9, 339.3)). The sensitivity and NPV were 0.53
and 0.58, respectively, while the specificity and PPV were both 1 (See Table 4). The lack of fit could not
be assessed.

Table 4. Diagnostic test accuracy results of each of the 3 statistical models.

Training Data Testing Data
. Positive Negative
ROC Lack of Fit Sensitivity Specificity Predictive  Predictive
p-Value
Value Value
Model 1: Stepwise —, ¢ . 053 1.00 1.00 058

selection *

Model 2: Number
of abnormal 0.94 0.28 0.93 0.89 0.93 0.89
readings **

Model 3: Cut point analysis, Number of Abnormal Findings **

2+ 0.88 0.90 0.93 0.79 0.88 0.88
3+ 0.92 0.09 0.93 0.84 0.90 0.89
4+ 0.92 0.14 0.90 1.00 1.00 0.86
5+ 0.90 0.00 0.90 0.68 0.82 0.81

* Model used C4-C5 facet gapping as exemplar abnormal VF parameter ** Adjusted for age and sex. ROC = receiver
operating characteristic.

3.2. Model 2

Logistic regression using the total number of abnormal findings as a continuous measure was
used and adjusted for age and sex.
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Model 2 results: The total number of abnormal findings resulted in a model with a ROC of
0.94, indicating near-perfect prediction in the training data. The odds that the subject was injured
increased by 2.6 for each additional abnormal finding (95% CI (1.79, 3.69)). Neither age nor sex were
significant after accounting for the number of abnormal findings. The sensitivity and PPV were both
0.93, while the specificity and NPV were 0.89 (see Table 4). The model did not suffer from lack of fit.

3.3. Model 3

Cut-point analysis examining the predictive ability of a dichotomization of the number of abnormal
findings across a range of values (two or more abnormal findings (2+), three or more abnormal findings
(3+), etc.) was used and adjusted for age and sex.

Model 3 results: The ROC increased from 0.88 for the model dichotomized at two or more
abnormal findings, to 0.92 for the 3+ and 4+ models, and then decreased for the model dichotomized
at five or more abnormal findings. The sensitivity attained a maximum value for the 2+ and 3+ models
(0.93), while the specificity was maximized for the 4+ model (see Table 4). PPV hit a maximum (1) in
the 4+ model, while NPV was maximized (0.89) in the 3+ model. None of the cut-point models with
the exception of the 5+ dichotomization suffered from lack of fit. A comparison of the diagnostics for
each of the models is illustrated in Figure 5.

Model 3 diagnostics, cut-point analysis

1 —
0.95

0.9
0.85
0.8
0.75
0.7
0.65
0.6
2+ 3+ 4+ 5+

Dichotomous model based on number of abnormal findings,
adjusted for age and sex

mROC mSensitivity mSpecificity PPV m NPV

Figure 5. Diagnostic accuracy results for Model 3.
4. Discussion

These results provide convincing evidence for several conclusions: (1) intervertebral instability is
a common finding in the symptomatic population of patients with chronic neck pain after whiplash
trauma; (2) intervertebral instability is an uncommon finding in the uninjured population; (3) the
finding of two or more abnormal parameters of intervertebral motion during the videofluoroscopic
examination of the cervical spine is a highly accurate diagnostic test for identifying patients with
chronic neck pain after whiplash trauma.

The findings in the present study demonstrate a common pathological entity (ligamentous laxity)
in the population of patients with chronic pain after whiplash, and one that can be identified with a
relatively common diagnostic examination. These findings make sense given the fact that injury to
the spinal ligaments, and particularly those of the facet capsule, is readily explained from the known
pathomechanics of whiplash trauma, in which focal intersegmental hyperextension and hyperflexion
have the potential to produce excessive strain (stretch) of the intervertebral ligaments [18].
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These findings have importance given a number of prior publications demonstrating equivocal
or negative MRI results in patients with acute and chronic whiplash, a body of literature that has
been transformed into a myth that whiplash is a “soft-tissue” injury that cannot be detected with
medical imaging [19]. The repetition of this myth has, in turn, resulted in a number of non-organic,
and pejorative explanations for chronic pain complaints after whiplash trauma, including symptom
exaggeration, malingering, and secondary gain [20,21]. Given the high prevalence of ligament injury
in the chronic whiplash population, and the lack of such findings in the uninjured population,
the attribution of complaints to a nonorganic source in any chronic whiplash patient without first
ruling out pathology via VF imaging of the cervical spine is unfounded.

A finding in the present study that required further investigation was the three VF parameters that
occurred at a higher than expected rate (>10%) in the uninjured versus injured group: the C1-2 lateral
overhang difference (32.5% vs. 63.6%), C3-4 translation (11% vs. 11.7%), and C4-5 translation (24.7%
vs. 48.7%), respectively. The most direct explanation for these findings is that, for these measures,
the cut-point of >2 mm translation (difference or absolute measure) for “abnormal” was too low.
A re-examination of the data using 4 mm and below as the cut-point for “normal” demonstrated that
this was indeed the case. For the C1-2 lateral overhang, the frequency of abnormal findings among the
uninjured volunteers decreased to 5.2%, whereas 34.2% of the injured group were still categorized as
abnormal. At C3-4, the increase in the normal cut point to 4 mm or less eliminated all but one of the
abnormal translation findings (and the only remaining abnormality was found in the uninjured group).
At C4-5, the increased cut point eliminated all of the abnormal findings in the uninjured group and
decreased the frequency of abnormal findings in the injured group to 10.5%. These results indicate that
the universal reliance on the “rule of 2’s” in all circumstances may increase the risk of false positives
in VF for individual measures. This caveat does not apply to the statistical models described in the
present study; the high PPV probabilities associated with 2+, 3+, and 4+ positive findings were all
based on the 2+ mm threshold for abnormality (for the measured parameters).

All of the examinations in the study were performed using videofluoroscopic equipment that
is specifically designed for spinal motion examination at relatively low radiation dosage (Digital
Motion X-Ray®, Palm Harbor, FL, USA). Because the radiation is pulsed, rather than constant stream
technology, and only uses a 2-3 kilovoltage peak (kVp) versus the 80 kVp used for a typical plain
cervical x-ray, the total radiation dose for a 5 VF motion study is approximately equivalent to the dose
used for a 7 view cervical Davis series.

Although ligaments are not visualized on VE it is reasonable to infer that a finding of excessive
intervertebral movement on VF examination is demonstrative of ligamentous injury when the associated
symptoms began shortly after exposure to a whiplash injury mechanism. While some ligament injuries
are detectable on MRI, including complete tears, the type of stretching injury that may result in
abnormal VF findings are not necessarily correlated with any CT or MRI abnormality, even though the
pathology will be evident upon microscopic examination [22]. An intriguing follow-up study would
be a “look back” analysis of MRI studies of chronic post-whiplash patients with subsequently positive
VF examination.

A caveat to keep in mind when interpreting these results and applying them to the general clinical
population is that interrater agreement (Cohen’s kappa) between the two experienced VF readers
ranged from only moderate (> 0.4-0.6) for the injured patients to good (>0.6-0.8) for the uninjured
volunteers. The impact of this interrater variability on the study results was negated by the use of the
most conservative (i.e., normal) of the two ratings when the raters disagreed, as the approach had
the effect of decreasing the number of differences between the injured and uninjured study subjects.
The use of the less conservative interpretation would have primarily had the effect of increasing the
average number of abnormal findings in the injured group, and thus slightly increased the ROC and
PPV values in the 2+ and 3+ abnormal findings in the model. Regardless, as with many medical
imaging modalities, potential variability in the interpretation of VF studies should be recognized in
assessing the results reported by a single reader.
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5. Conclusions

The videofluoroscopic (or DMX) examination of the cervical spine is a highly accurate test for
identifying patients with symptomatic ligamentous instability after whiplash trauma. The imaging
modality should be utilized more widely in the clinical investigation of chronic post-whiplash pain.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/17/5/1693/s1,
Table S1: DMX paper analysis data set, Table S2: STARD-2015-Checklist VF study.
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