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Abstract: The purpose of this experimental study on recently deceased human cadavers was to
investigate whether (I) the radiation exposure of the cervical spine CT can be reduced comparable to a
dose level of conventional radiography (CR); and (II) whether and which human body parameters can
be predictive for higher dose reduction potential (in this context). Materials and Methods: Seventy
serial CT scans of the cervical spine of 10 human cadavers undergoing postmortem virtual autopsy
were taken using stepwise decreasing upper limits of the tube current (300 mAs, 150 mAs, 110 mAs,
80 mAs, 60 mAs, 40 mAs, and 20 mAs) at 120 kVp. An additional scan acquired at a fixed tube
current of 300 mAs served as a reference. Images were reconstructed with filtered back projection
and the upper (C1-4) and lower (C4-7) cervical spine were evaluated by three blinded readers for
image quality, regarding diagnostic value and resolution of anatomical structures according to a
semiquantitative three-point-scale. Dose values and individual physical parameters were recorded.
The relationship of diagnostic IQ, dose reduction level, and patients’ physical parameters were
investigated. The high-contrast resolution of the applied CT protocols was tested in an additional
phantom study. Results: The IQ of the upper cervical spine was diagnostic at 1.69 ± 0.58 mGy (CTDI)
corresponding to 0.20 ± 0.07 mSv (effective dose) in all cadavers. IQ of the lower cervical spine was
diagnostic at 4.77 ± 1.86 mGy corresponding to 0.560 ± 0.21 mSv (effective dose) in seven cadavers
and at 2.60 ± 0.93 mGy corresponding to 0.31 ± 0.11 mSv in four cadavers. Significant correlation
was detected for BMI (0.8366; p = 0.002548) and the anteroposterior (a.p.) chest diameter (0.8363;
p = 0.002566), shoulder positioning (0.79799; p = 0.00995), and radiation exposure. Conclusions:
Conventional radiography can be replaced with a nearly dose-neutral CT scan of the cervical spine.

Keywords: cervical spine; trauma patients; computed tomography; dose index; computed tomography;
conventional radiography; emergency radiology

1. Introduction

In emergency radiology, the number of trauma patients at risk for injury to the cervical
spine (c-spine) is high, but the percentage of significant injuries is relatively low, resulting
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in a large number of normal studies undertaken in clinical practices around the world. The
reported incidence of c-spine injuries in association with brain injuries among adult trauma
patients ranges from 1.7 to 8%, and it is even lower than 1% in alert, neurologically intact
patients; however, missed injuries can have serious consequences [1–3]. Established clini-
cal indication rules for imaging, such as CCR (Canadian Cervical Spine Rule) or NEXUS
(National Emergency X-Radiography Utilization Study), intend to lower the number of un-
necessary normal imaging tests by keeping levels of specificity and sensitivity at reasonable
and effective clinical levels [1–7]. According to CCR and NEXUS, conventional radiography
(CR) is regularly to be applied only in low-risk patients, and all other patients, considered
as high risk, should undergo computed tomography (CT) imaging [6,7], which is nowadays
an accepted clinical practice. The American College of Radiology (ACR) therefore also
favors in their appropriateness criteria CT as the imaging modality of choice in patients
at risk according to NEXUS or CCR [8]. However, Bailitz et al. reported in a prospective
study of 1583 patients a very low sensitivity of 25% for CR in comparison to CT even in
low-risk patients for detecting spinal injuries [9].

Multiple studies have established that CT has a dramatically improved diagnostic sen-
sitivity (98%) in comparison to the variable sensitivity (52%) of conventional radiography
in the trauma patient [10–12]. Since there has been a shift of paradigms away from the use
of CR, the demand of CT in patients with suspected c-spine trauma has very much been on
the rise in clinical routine [13,14]. For example, Broder et al. reported an increase of 463%
of c-spine CT over a period from 2000 to 2006, corresponding to an exponential growth rate
with an annual increase of up to 15% [15]. The growing importance of CT, now an easily
and widely available diagnostic technique for trauma patients, has resulted in an increase
of exposure to radiation besides better diagnosis and improved patient care. Current
developments have been still focusing on dose reduction with promising experiences in the
CT imaging of the c-spine [16–20]. Initial results indicate that sub-millisievert (<1.0 mSv)
CT scans of the cervical spine after trauma are possible [18].

The purpose of our experimental study on recently deceased human cadavers was
to investigate whether the radiation exposure of c-spine CT can be reduced to the dose
level of CR, and if certain physical body parameters [PBP) are predictive for higher dose
reduction potentials.

2. Materials and Methods
2.1. Study Design

In our experimental postmortem cadaver study, consecutive dose reduction was
applied and image quality (IQ) was evaluated to assess the individually sufficient radiation
dose for diagnostic CT studies. This “individualized” or personalized medicine study
concept included the differentiation and characterization of physical body parameters
(PBP) of the examined cadavers to correlate with the lowest diagnostically still-applicable
individual CT dose values. The acquisition parameters of the dose-reduced protocols
were also evaluated in a phantom study to quantify the decrease of objectively obtained
high-contrast resolution, comparable to the CT imaging of bony structures in the c-spine in
clinical studies. The post mortem CT (PMCT) examinations were performed in deceased
trauma patients after being transferred for virtual autopsy upon the written request of the
general prosecutor in a cooperation with the academic institute for forensic medicine. The
study was approved by the local ethics committee and a waiver of consent was provided
by the institutional medical advisory board as well as by the general prosecutor’s office.

2.2. Human Cadaver Study

Ten cadavers of consecutive deceased patients (age: 41.4 ± 9.5 years, range: 28–53 years;
gender: male:female = 4:1) transferred for postmortem virtual autopsy underwent the
following CT protocols. All imaging studies were performed on a 64-detector-row CT
scanner (Discovery HD750; GE Healthcare, Waukesha, WI, USA). Six (level 1–6) consec-
utively dose-reduced experimental scans followed the standard scan using a noise index
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of 42 and an upper threshold of the tube current of 300 mA. The standard protocol is
identical to our clinical routine PMCT protocol. In the six experimental protocols, the upper
threshold of the tube current was therefore stepwise lowered to 150 mAs, 110 mAs, 80 mAs,
60 mAs, 40 mAs, and 20 mAs to evaluate the lowest possible dose reduction level for
possible clinical study trials. The reference scan was performed using fixed mAs without
automatic tube current modulation; it served as a reference and represented the optimal
image quality c-spine CT study. All other parameters like tube voltage (120 kVp), rotation
time (0.8 s), pitch (0.531:1), and detector collimation (20 mm) were kept at constant levels.
The c-spine was scanned from the first thoracic (T1) vertebral body to the contour of the
foramen magnum (C0). Images were reconstructed exclusively with filtered back projection
in bone kernels as thin slices of 0.625 mm using a field of view of 24 cm and a matrix
of 512 × 512 pixels; axial and sagittal images of 2 mm were reformatted as multiplanar
reconstruction (MPR).

2.3. Evaluation of IQ and Physical Body Parameters

The anonymized CT images were transferred to the institutional picture archiving
and communication system (PACS). Subjective IQ was evaluated independently by three
radiologists (with 2, 8, and 15 years of experience; initials: L.G., M.K., U.L.).

The upper and lower region of the c-spine were separately analyzed, because the
depiction of the injuries to the lower c-spine (C4–C7 vertebras) is often impaired by artifacts
such as beam hardening and photon starvation artifacts due to the individual shoulder
girdle anatomy. For evaluation in the upper region, the C3, in the lower cervical region,
the C7 vertebra were exemplary selected. Both vertebrae were separately evaluated for
spongious and cortical bone structure with regard to sharpness of the bony architecture
both in axial and sagittal planes [21–23]. IQ was evaluated with a semi-quantitative rating
scale (0: non-diagnostic; 1: diagnostic/sufficient; 2: diagnostic/excellent) with regard to
efficiency of ruling out fractures in comparable clinical settings. At different dose levels
for all patients, the median values of IQ ratings, including the scoring of both cortical and
spongious bone, were calculated, again, separately, for axial and sagittal reformations,
and for C3 and the critical C7 vertebra levels. If any of the three observers assessed an
image as non-diagnostic, the overall IQ was rated as non-diagnostic. With those results,
the ratings of every individual scan protocol still providing diagnostic IQ at the lowest
possible radiation dose was identified for each patient.

Shoulder distance (lateral diameter (cm) and anteroposterior chest diameter (antero-
posterior diameter (cm)) were measured at the level of the jugular fossa, and body mass
index (BMI) was calculated from weight (kg) and height (cm), in order to estimate the
influence of different physical body characteristics on IQ, their individual expressions in
this study cohort, and influences of the latter on the experimental protocols. The position
of the shoulder girdle was defined by assessing the level of the shoulder outline projecting
to the c-spine using the lateral scout view. A nominal value was given with reference to
the base plate of the seventh vertebra as “0” and the upper contour of the atlas as “7”. For
example, if the shoulder outline projected to the disc between C3 and C4, the nominal value
was 4; if projected to the C4 vertebra, the nominal value was “3.5”. One of the cadavers
presented with a declined shoulder position—so called “swimmer’s” position [22–25]. This
cadaver was excluded for the statistical analysis of the effect of shoulder position on the
reduction of radiation exposure.

2.4. Phantom Study

In a phantom study, high-contrast resolutions of the different study protocols were
compared with the CTP528 module of a CATPHAN600® (The Phantom Laboratory, Green-
wich, NY, USA). The scanning of the phantom at a fixed tube current of 300 mAs, again
serving as a reference, was followed by a series (n = 7) of dose-reduced scans from 150 mAs,
110 mAs, 80 mAs, 60 mAs, 40 mAs, 20 mAs, and 1 0mAs. All other parameters were kept
constant and identical to the cadaver study. Images were reconstructed exclusively with
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filtered back projection in a bony kernel with a slice thickness of 0.625 mm and reformatted
with a slice thickness (ST) of ST = 2 mm, comparable and identical to the cadaver study.
High-contrast resolution was assessed by counting the identifiable line pairs of the phantom
test gauge per cm [LP/cm]. Five independent readers blinded to scan parameters separately
evaluated the image resolution. As a result of the five ratings, the lowest resolution for
each protocol was accepted.

2.5. Estimation of Dose Values

Dose reports including scan parameters of CT dose index (CTDI) were recorded for
each scan in phantom and cadaver studies and dose length product (DLP) in the cadaver
studies as well. The assessment of the size-specific dose estimate is not available for c-spine,
so the effective dose (ED) was estimated by multiplying DLP with the corresponding
conversion factor (EDLP = 0.0051 mSv/mGy/cm) [26].

2.6. Statistical Analysis

CTDI, DLP, and ED were descriptively analyzed with mean value, standard devia-
tions, and minimum and maximum values. The image quality (IQ) ratings of the standard
protocol and dose-reduced protocols were compared with the reference protocol using a
Wilcoxon signed-rank test. The level of significance was set at 0.05 (p value) and adjusted
according to Bonferroni correction (0.05/4 = 0.0125) for four comparisons (axial and sagittal
images of C3 and C7 vertebra). The consistency of the subjective ratings of the radiolo-
gists was estimated by calculating Cronbach’s Alpha correlation coefficient. The linear
relationship between the diagnostic scan protocol of the lowest dose level (CTDI values)
and patients’ different physical characteristics (BMI, lateral and anteroposterior diameter,
and shoulder position) was investigated by calculating the Pearson product-moment or
Spearman’s rank correlation coefficient depending on data distribution. The p value (0.05)
for the characterization of four body parameters was adjusted according to Bonferroni
correction (0.05/4 = 0.0125). Statistical Package für Social Sciences (SPSS18.0.0) was used
for all calculations (PASW, IBM, Armonk, NY, USA).

3. Results
3.1. Cadaver Study

The detailed dose values of all protocols including the phantom and cadaver studies
are listed in Table 1. The lowest effective dose levels were 0.20 mSv (SD ± 0.07) at 10 mA
tube current; the highest were at 4.11 mSv (SD ± 1.29) at 300 mA, and therefore 20.6 fold
higher, representing the reasonable experimental dose spectrum for investigating c-spine
CT dose reduction and potentials in clinical radiology as well. The mean values of the
CTDI (mGy), DLP (mGyx m), and ED (mSv) were 12.44 ± 4.56, 287 ± 107, and 1.46 ± 0.55,
respectively, in the standard protocol using tube current modulation with an upper limit of
300 mAs.

Data of IQ evaluation and p values are shown in Table 2. In comparison to the
reference scan without tube current modulation, the standard protocol allowed for a
comparable IQ for both the lower and upper c-spine in both axial and sagittal planes; the
corresponding p values were >0.99999, >0.99999, 0.15700, and 0.52700, respectively. The
upper c-spine, represented by the evaluation of the C3 area, was depicted with a comparable
IQ (p = 0.01600) at 0.31 ± 0.11 mSv (CTDI: 2.60 ± 0.93 mGy; DLP: 60 ± 21 mGy*cm) in
the axial plane and with significantly lower but diagnostic IQ at 0.20±0.07 mSv (CTDI:
1.69 ± 0.58 mGy; DLP: 39 ± 13 mGy*cm) in the axial (p = 0.00200) and sagittal planes
(p < 0.00001). IQs of the reference, the standard, and the protocol of the lowest dose level
are compared in Figure 1, demonstrating an obese cadaver with high shoulder position. Its
shoulder posture is shown in Figure 2.
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Table 1. Radiation doses of the phantom and patient studies; the mean values ± standard deviations and the ranges of CT dose index, dose length product, and
effective dose are given for all scan protocols.

Phantom Study Patient Study
CT Dose Index Volume (mGy) Dose Length Product (cm*mGy) Effective Dose (mSv)
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Mean SD Range Min Max Mean SD Range Min Max Mean SD Range Min Max

I. 300 34.82 REFERENCE 300 34.14 ± 0 34.14 34.14 733 ± 253 679 953 4.11 ± 1.29 3.47 4.87
II. 150 17.41 STANDARD 300–10 12.44 ± 4.56 10.25 16.19 287 ± 107 198 374 1.46 ± 0.55 1.01 1.91
III. 110 12.77 I. 150–10 5.50 ± 2.18 3.74 7.85 125 ± 49 76 175 0.64 ± 0.25 0.39 0.89
IV. 80 9.28 II. 110–10 4.77 ± 1.86 3.53 6.92 109 ± 42 72 149 0.56 ± 0.21 0.37 0.76
V. 60 6.96 III. 80–10 4.01 ± 1.49 3.19 5.74 92 ± 34 65 119 0.47 ± 0.17 0.33 0.61

VI. 40 4.64 IV. 60–10 3.37 ± 1.22 2.92 4.76 78 ± 29 60 103 0.40 ± 0.15 0.30 0.52
VII. 20 2.32 V. 40–10 2.60 ± 0.93 2.41 3.66 60 ± 21 49 76 0.31 ± 0.11 0.25 0.39
VIII. 10 1.16 VI. 20–10 1.69 ± 0.58 1.66 2.25 39 ± 13 34 47 0.20 ± 0.07 0.17 0.24

The mean values ± standard deviations and the ranges of CT dose index, dose length product, and effective dose are given for all scan protocol of the phantom and cadaver studies.

Table 2. Image quality (IQ) ratings, medians, and ranges of subjective image ratings of all scan protocols of the patient study as well as the ICC and p values of the
comparisons are detailed in the table. Significant p values are indicated with *.

Vertebra C3 Axial Sagittal Vertebra C7 Axial Sagittal
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REFERENCE 2 2 2 - 1.000 2 2 2 - 1.000 1 2 2 - 0.836 1 2 2 - 0.847
STANDARD 2 2 2 >0.99999 1.000 2 2 2 >0.99999 1.000 1 2 2 0.15700 0.729 1 2 2 0.52700 0.872

I. 1 2 2 0.15700 0.750 1 2 2 0.01600* 0.902 0 2 1 <0.00001 * 0.961 0 2 1 <0.00001 * 0.961
II. 1 2 2 0.25000 0.897 1 2 2 0.01600 * 0.943 0 2 1 <0.00001 * 0.884 0 2 1 <0.00001 * 0.923
III. 1 2 2 0.12500 0.919 1 2 2 0.00800 * 0.943 0 2 1 <0.00001 * 0.810 0 2 1 <0.00001 * 0.910
IV. 1 2 2 0.12500 0.919 1 2 2 0.00800 * 0.949 0 2 1 <0.00001* 0.865 0 2 1 <0.00001 * 0.919
V. 1 2 2 0.01600 * 0.789 1 2 2 <0.00001 * 0.938 0 2 0 <0.00001 * 0.789 0 1 0 <0.00001 * 0.832

VI. 1 2 2 0.00200 * 0.949 1 2 2 <0.00001 * 0.826 0 2 0 <0.00001 * 0.848 0 1 0 <0.00001 * 0.872
Medians and ranges of subjective ratings of all scan protocols of the patient study as well as ICC and p values of the comparisons are detailed in the table. Significant p values are
indicated with *.
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Figure 1. Image quality of the upper c-spine (C1–C4) is diagnostic regardless of all body parameters
with protocol VI at 20 mAs. In this cadaver (BMI of 30.9 kg/m2, an anteroposterior diameter of 26 cm
and high shoulder position), diagnostic images of the lower c-spine were acquired at 300 mAs with
tube current modulation corresponding to a CTDI of 15.93 mGy and an effective dose of 1.59 mSv.
Associated topograms of the same cadaver are shown in Figure 2.

Figure 2. Lateral and anteroposterior topograms are presented and shoulder position are indicated in
the same cadavers presented in Figures 1 and 3. The upper topograms belong to patients of Figure 1
and the lower ones to the patient of Figure 3.

The lower c-spine, represented by the C7 area, had limited potential for dose reduc-
tion. However, in 4 out of 10 human cadavers, the tube current could be decreased to
40 mAs, corresponding to a CTDI, DLP, and ED of 2.60 ± 0.93 mGy, 60 ± 21 mGy*cm, and
0.31 ± 0.11 mSv, respectively. (See also Figures 2 and 3). Furthermore, in 7 out of 10 human
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cadavers, the lower c-spine could be depicted with diagnostic IQ at 110 mAs corresponding
to a CTDI, DLP, and ED of 4.77 ± 1.86, 109 ± 42 mGy*cm and 0.56 ± 0.21 mSv, respectively.

The values of Cronbach’s Alpha correlation coefficients ranged from 0.729 to 1.000,
indicating an acceptable to excellent consistency of the IQ ratings; exact values are displayed
in Table 2.

Detailed data of the ten cadavers and corresponding individual diagnostic protocol at
the lowest possible radiation dose are displayed in Table 3. The calculated Pearson correla-
tion coefficients for BMI, lateral, and anteroposterior diameter were 0.8366 (p = 0.002548),
0.6097 (p = 0.061276), and 0.8363 (p = 0.002566), respectively. The Spearman’s correlation
coefficient was 0.79799 (p = 0.00995) for shoulder position. These data indicate that BMI,
anteroposterior diameter, and shoulder position had a significant effect on radiation expo-
sure and diagnostic IQ of the lower c-spine in our cadaver study. In two of ten cadavers
presented with vertebral fractures, both classified as stable minor injuries of isolated end-
plates (type A.1) according to the AO classification scheme. In our still-limited number
of cadavers, a preliminary cut-off value could be recognized at a BMI ≤ 25.5 kg/m2 re-
gardless of other body parameters for the protocol N◦ II and at a BMI ≤ 21.9 kg/m2, an
anteroposterior diameter ≤20 cm, and if the shoulder did not superimpose the C4 vertebra
for the protocol N◦ V.

Figure 3. Diagnostic image quality was available with protocol V in this cadaver with a lowered
shoulder and presenting with a BMI of 21.9 kg/m2 and an anteroposterior chest diameter of 17 cm,
corresponding to a CTDI of 2.56 mGy and an effective dose of 0.30 mSv. Associated topograms of the
same cadaver are shown in Figure 2.
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Table 3. Dose reduction for upper and lower c-spine and physical body parameters; the individual
dose-reduced protocols allowing for diagnostic image quality for axial and sagittal reformations and
the patients’ physical body parameters are detailed for each patient in this table.

Patients’ Physical Parameters Protocols
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1 30.9 1.8 100 48 26 C4/5 3 VI. ST
2 27.5 1.63 73 46 25 C4 3.5 VI. ST
3 27.2 1.83 91 47 22 C4/5 3 VI. ST
4 25.5 1.75 78 44 22 C5/6 2 VI. IV.
5 24.9 1.69 68 46 19 “swimmer” VI. V.
6 23.8 1.8 71 45 20 C4/5 3 VI. II.
7 21.9 1.92 80 44 17 C5/6 2 VI. V.
8 21.7 1.83 73 44 16 C6/7 1 VI. V.
9 21.4 1.87 75 46 20 C5/6 2 VI. V.

10 20.3 1.66 56 40 18 C4/5 3 VI. IV.
The individual dose-reduced protocols allowing for diagnostic image quality for axial and sagittal reformations
and the patients’ physical body parameters are detailed for each patient in this table.

3.2. Phantom Study

The CTDI was 34.14 mGy at 300 mAs and decreased to 1.16 mGy at 10 mAs. The dose
values and tube current of the protocols are listed in Table 1. At 300 mA, the phantom
study revealed a maximal high-contrast resolution of 12 LP/cm, corresponding to a spatial
resolution of 0.42 mm. At 150, 110, 80, 60, and 40 mAs, the high-contrast resolution was
still 12 LP/cm (0.42 mm), and at 20 and 10 mAs, it decreased to 11 LP/cm (0.45 mm),
the results are detailed in Table 4 and highlighted in Figure 4. The phantom study indi-
cates a high potential for dose reduction on the cost of relatively little impairment of the
high-contrast resolution.

Figure 4. The images show the high-contrast resolution (red arrows) using a Catphan® Phantom (The
Phantom Laboratory) for the phantom study at different tube current levels, thereby continuously
decreasing the tube current in eight steps from 300 mA (reference standard) to 10 mA.
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Table 4. High-contrast resolution in a corresponding phantom study; the table presents the high-
contrast resolution of the phantom study; the values represent the gap size within two lines; the
gap sizes were 0.045 mm, 0.042 mm, and 0.038 mm for a resolution of 11 lp/cm, 12 lp/cm, and
13 lp/cm, respectively.
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STANDARD 300 0.042 0.042 0.038 0.038 0.038
I. 150 0.042 0.042 0.038 0.038 0.038
II. 110 0.042 0.042 0.038 0.038 0.038
III. 80 0.042 0.042 0.042 0.042 0.038
IV. 60 0.042 0.042 0.042 0.042 0.042
V. 40 0.042 0.042 0.042 0.042 0.042

VI. 20 0.045 0.045 0.045 0.045 0.045
VII. 10 0.045 0.045 0.045 0.045 0.045

The table presents the high-contrast resolution of the phantom study; the values represent the gap size within
two lines; the gap sizes were 0.045 mm, 0.042 mm, and 0.038 mm for a resolution of 11 lp/cm, 12 lp/cm, and
13 lp/cm, respectively.

4. Discussion

Data published by Niiniviita et al. in 2018 show that the mean radiation dose of CT
of the cervical spine in adult and pediatric patients of a Finnish emergency department
was at an astonishing high 18.3 mGy over a 2-year period according to dose-monitoring
software [27]. Data from reviewing doses to patients undergoing cervical spine CT exami-
nations in the UK published in 2018 indicate a rounded average dose of 20 mGy for c-spine
CT [28]. The mean radiation dose of our standard protocol—a protocol identical to the
routine protocol in the clinical setting for c-spine trauma imaging at our department—was
12.44 ± 4.56 mGy. These dose values are lower than the recently published survey data
and indicate the high potential and the urgent need of dose optimization in the CT imag-
ing of the c-spine in trauma patients and applying and developing more individualized
scan protocols.

The results of our dose-reduced protocols showed that diagnostic CT of the upper
c-spine was ensured at a reduced tube current as low as 20 mAs at 1.69 ± 0.58 mGy,
corresponding to 0.20 ± 0.07 mSv in adults independently of any physical body param-
eter. According to actual guidelines, the ED of c-spine radiography alternates from 0.01
to 0.1 mSv [29]. Mettler et al. reported 0.2 mSv, and results of a local survey in Greece,
published recently, reported an even lower mean value of 0.06 mSv for two plain radio-
graphs [30,31]. The use of a dedicated dose-optimized CT scan of the upper c-spine or a split
protocol for upper and lower c-spine are under discussion to achieve best dose-reduction
results. In these special cases, CT might completely replace conventional radiography of
the c-spine at a dose-neutral level. Different scan parameters could be used, but images
need to be fused in postprocessing and practicability is not proven.

The evaluation of the different body parameters of the human cadavers showed sig-
nificant and strong correlation between BMI, anteroposterior chest diameter, shoulder
position, and radiation exposure associated with the imaging of the lower c-spine. The
differences among the correlation coefficients of these three parameters were low and they
are probably not independent of one another. However, we see large potentials to integrate
those parameters, which are easy to measure, in the steering software of future presets
of individualized CT imaging protocols. For example, obese patients probably present
with larger anteroposterior chest diameters and have more difficulties with pulling down
their shoulder. However, trauma patients, if they are young or middle-aged adults, could
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easily cooperate to create more favorable imaging circumstances, especially considering
that healthy adults usually have a shoulder posture that does not superimpose the upright
cervical spine in a standing position [32,33]. Physical parameters like BMI, anteropos-
terior diameter, and shoulder position can be easily evaluated in the clinical setting by
asking the patients and looking at the scout and should also be integrated in future CT
scanner software.

In patients with favorable physical parameters, like a pulled-down position of a
shoulder (if C4 or even C5 were not superimposed by soft tissue on the lateral scout view)
or lower normal BMI (<22 kg/m2) and lower anteroposterior shoulder diameter (≤20 cm),
diagnostic CT imaging was possible at 2.60 ± 0.93 mGy, corresponding to 0.31 ± 0.11 mSv
in our experimental study. To the best of our knowledge, the lowest possible radiation dose
for the c-spine CT was 0.7 mSv, reported by Weinrich et al. in their feasibility study on
human cadavers using 140 kVp [18]. Tozakidou et al. reported a dose-reduction potential
down to 0.8 mSv in their dose finding study using four cadavers [20]. However, in 7 of
10 cadavers presenting with approximately normal BMI values (≤25.5 kg/m2), diagnostic
IQ was available in our study regardless of shoulder position at a CTDI of 4.77 ± 1.86 mGy,
corresponding to an ED of 0.56 ± 0.21 mSv, achieving still another 20 to 30% decrease to
the latter-mentioned publications using tube current modulation with an upper limit of
110 mAs. These dose values are lower than any other reported before and suggest that
more effective dose-optimized CT protocols of the c-spine could be established for normal
patients of healthy weight and for patients with lower-than-normal BMI (<22 kg/m2) and
lower anteroposterior shoulder diameter (≤20 cm) in emergency departments. However,
at the same time, these results indicate the need to adapt protocols more individually in
respect to individual anatomic settings. In our cadaver study, the optimization of shoulder
position, like pulling down the shoulder, was not possible. In the sagittal scout views,
the shoulder superimposed the C5, C6, and C7 vertebrae in 5 of 10 cadavers. An even
more effective dose reduction could be expected in compliant trauma patients, if C5, C6, or
even C7 are not superimposed by a shoulder girdle. For example, Tozakidou et al. have
already reported a dose reduction of 51% for c-spine CT in trauma patients with shoulder
pull-down [19]. In summary, imaging technique, patient positioning, and more advanced,
preplanned anatomically (BMI, shoulder distance, etc.) individualized scan protocols have
a further impact on dose reduction in c-spine imaging. However, in clinical trauma imaging,
the influence of pulsations, breathing, and patient movements make a conceptual difference
to the cadaver study results. Advances in preclinical cadaver imaging need further proof
in the clinical routine setting. Additionally, CT scan speed, pitch, and rotation time of the
scanner must be also adjusted, respectively, to minimize possible motion image artifacts.

Our phantom study served as a gold standard for the feasibility of the dose-reduced
protocols, regarding the high-contrast resolution. The results of the phantom study confirm
the results achieved in the cadaver study, indicating that the tube current could be decreased
to 40 mAs without relevant impairment of the high-contrast resolution. The phantom study
aims to present controlled and reproducible data on high-contrast resolutions of the applied
protocols to allow for a possible adjustment of high-contrast resolutions of dose-reduced
clinical protocols at different CT platforms. For the same reason, our study consequently
excluded the use of any iterative reconstruction, but included those CT features like low
collimation (20 mm) and low pitch, which improve high-contrast resolution and minimize
artifacts [34]. The combination of a collimation of 20 mm and a pitch of 0.531 means that
the 10-times-the-length of the collimation (200 mm) can be depicted within approximately
19 (18.868) rotations considering that a pitch of 0.531 means 10.6 mm table feed per rotation.
Using a rotation time of 0.8 sec allows for a complete scan time of 15.1 sec (0.8 * 18.868). This
means, using a tube current of 10 mAs or 40 mAs, the applied tube current is a maximal
151 mA or 604 mA over a scan length of 200 mm, corresponding to a total of 3.75 mA or
15 mA tube current for the length of the applied 10.6 mm table feed during one rotation
in this study. By adapting the values of pitch, tube current, and rotation time, radiation
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exposure and high-contrast resolution could be adjusted to establish comparable protocols
for other CT platforms.

The inclusion of only ten cadavers in this pilot study represents a limitation. However,
this was to some extent coped with by an individualized and intra-individual study concept
highlighting further fields and parameters of optimization of CT imaging of the c-spine.
Another limitation was the relatively small number of c-spine fractures in our study
population: two of ten cadavers presented with vertebral fractures, which were minor
compressions of single endplates (AO A1 fracture type). Dose values of the scout scans
were not available and not considered. Objective image noise was not measured, because
noise measurements for air or soft tissue are not representative for high-contrast structures,
like bony structures. We addressed this limitation in analyzing the high-contrast resolution
in the phantom study.

As a conclusion based on the results of our experimental study on postmortem human
cadaver specimens, we propose that radiation exposure of diagnostic CT imaging of the
complete c-spine could be decreased well under 1 mSv down to 0.56 mSv in those humans
presenting with normal physical parameters like normal BMI. The combination of optimal
shoulder positioning, lower BMI values, and low anteroposterior chest diameter allowed
for a further decrease of radiation exposure down to 0.31 mSv. Our data suggest for the
first time that a nearly dose-neutral replacement of the conventional radiography by CT is
possible for the upper c-spine at a radiation exposure of 0.20 mSv regardless of variable
body habitus.
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