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OBJECTIVE. The purpose of our study was to evaluate simulated sparse-sampled 
MDCT combined with statistical iterative reconstruction (SIR) for low-dose imaging of 
patients with spinal instrumentation.

MATERIALS AND METHODS. Thirty-eight patients with implanted hardware af-
ter spinal instrumentation (24 patients with short- or long-term instrumentation-relat-
ed complications [i.e., adjacent segment disease, screw loosening or implant failure, or 
postoperative hematoma or seroma] and 14 control subjects with no complications) 
underwent MDCT. Scans were simulated as if they were performed with 50% (P50), 25% 
(P25), 10% (P10), and 5% (P5) of the projections of the original acquisition using an in-
house–developed SIR algorithm for advanced image reconstructions. Two readers per-
formed qualitative image evaluations of overall image quality and artifacts, image con-
trast, inspection of the spinal canal, and diagnostic confidence (1 = high, 2 = medium, 
and 3 = low confidence).

RESULTS. Although overall image quality decreased and artifacts increased with re-
ductions in the number of projections, all complications were detected by both readers 
when 100% of the projections of the original acquisition (P100), P50, and P25 imaging 
data were used. For P25 data, diagnostic confidence was still high (mean score ± SD: read-
er 1, 1.2 ± 0.4; reader 2, 1.3 ± 0.5), and interreader agreement was substantial to almost 
perfect (weighted Cohen κ = 0.787–0.855). The mean volumetric CT dose index was 3.2 
mGy for P25 data in comparison with 12.6 mGy for the original acquisition (P100 data).

CONCLUSION. The use of sparse sampling and SIR for low-dose MDCT in patients 
with spinal instrumentation facilitated considerable reductions in radiation exposure. 
The use of P25 data with SIR resulted in no missed complications related to spinal instru-
mentation and allowed high diagnostic confidence, so using only 25% of the projections 
is probably enough for accurate and confident diagnostic detection of major instrumen-
tation-related complications. 
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Lower back pain has a high prevalence and is one of the top reasons for seeking medical 
advice. Depending on the distinct medical diagnosis, surgical intervention must often be 
considered; spinal instrumentation ranks among the most frequently performed proce-
dures and has shown considerable increases in case numbers over the past decades [1–3]. 
Spinal instrumentation is performed for various clinical indications, such as for the correc-
tion of scoliosis [4, 5]; stabilization of pseudospondylolisthesis [6, 7]; surgical treatment of 
degenerative disk disease [8, 9]; or stabilization of osteoporotic, pathologic, or traumatic 
vertebral fractures [10–12].

Hardware implanted for spinal instrumentation commonly consists of pairs of pedicle 
screws and interconnecting rods made of stainless steel [13, 14]. Postoperative or long-term 
complications of this hardware include hematoma or seroma, infections, adjacent segment 
disease (ASD), implant failure, faulty placement, or screw loosening, all of which have been 
shown to be closely associated with patient morbidity and to possibly require revision sur-
gery [15, 16]. Hence, the goal of imaging must be the early detection of these complications.
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CT plays a key role in diagnosing complications immediately 
after surgery or during follow-up because of its wide availabili-
ty, robustness, high contrast between bony structures and soft 
tissue, and high spatial resolution [13, 17–19]. In particular, CT is 
frequently preferred over MRI because the presence of metal-
lic hardware at the spine, often spanning multiple vertebral lev-
els, causes image distortion during acquisition that often is too 
severe to allow sufficient diagnostic image evaluation. Howev-
er, using CT in patients treated with spinal instrumentation has 
relevant shortcomings. First, metal artifacts due to the implant-
ed hardware can also affect image quality and diagnostic confi-
dence of CT because metallic hardware causes beam-hardening 
and photon starvation of the x-ray [17, 20]. Second, CT generally 
comes at the cost of radiation exposure to the patient, which may 
entail relevant estimated cancer risk ratios that need to be con-
sidered with regard to patient safety [21, 22]. It is remarkable that, 
despite the high use of imaging in daily clinical routine, these is-
sues remain largely unsolved for conventional MDCT.

Although advanced CT systems, such as dual-layer or spectral 
CT, have shown potential to facilitate metal artifact reduction, they 
are less widely distributed than MDCT units [23–26]. Furthermore, 
image reconstruction algorithms with artifact suppression have 
been made commercially available, but these algorithms are still 
not optimal because they may introduce new artifacts and com-
promises, making further advancements necessary [27–31]. 

Reductions of radiation exposure without clinically relevant re-
strictions in diagnostic quality for MDCT might be achieved by 
targeted modifications of image acquisition schemes (e.g., reduc-
tion in tube current or the use of sparse sampling) in combina-
tion with applications of advanced image reconstruction algo-
rithms. Because the common approach of tube current reduction 
inherently leads to considerable increases in image noise, which 
can—particularly in combination with additional implant-related 
metal artifacts—severely impede diagnostic evaluation of imag-
es, sparse sampling might reflect a novel promising alternative. 
Sparse sampling refers to the acquisition of fewer projection im-
ages during scanning, which results in maintained energy deliv-
ery for the individual projection image but lower overall radia-
tion exposure because of the decreased number of projections 
[32, 33]. Thus, preserved image quality for the individual projec-
tion can be achieved while circumventing the influence of elec-
tronic readout noise [32, 33]. When combined with an advanced 
image reconstruction, such as statistical iterative reconstruction 
(SIR), image noise might be further suppressed while structural 
image information can be preserved to a level still allowing diag-
nostics [32, 34, 35]. However, to our knowledge, sparse-sampled 
MDCT combined with SIR has not been applied to spine imaging 
in patients with spinal instrumentation.

We hypothesized that sparse-sampled MDCT combined with 
SIR would enable clear reductions in radiation exposure while de-
livering images of sufficient diagnostic quality in patients treated 
with spinal instrumentation.

Materials and Methods
Design and Inclusion

This retrospective study was approved by the local institu-
tional review board and was conducted in accordance with the 
Declaration of Helsinki. The criteria for inclusion in this study 

were the following: hardware implanted during spinal instru-
mentation; unenhanced MDCT examination of the spine per-
formed in our department (Department of Diagnostic and In-
terventional Neuroradiology, Klinikum rechts der Isar, Technical 
University of Munich) irrespective of the suspected diagnosis, 
clinical symptoms, or clinical indication for imaging; and an FOV 
capturing at least the adjacent segments to the levels of spi-
nal instrumentation. Exclusion criteria were age of less than 18 
years; motion artifacts in imaging data; vertebral fractures or 
malignant bone lesions in the FOV above or below the instru-
mented levels (to dedicatedly focus on instrumentation-related 
complications); and other implants in the FOV besides hardware 
related to the spinal instrumentation.

We searched the PACS at Klinikum rechts der Isar for patients ful-
filling these criteria. The inclusion period for this study was March 
to May 2019. Overall, 38 patients were included in this study.

MDCT
Scanning was performed in a routine clinical setting using a 

standard MDCT scanner (Ingenuity Core 128, Philips Healthcare) 
with the patients placed in a supine position. An initial scout 
scan was obtained for planning the FOV, which was placed to 
cover the implanted hardware and the adjacent vertebral levels 
in all patients. Diagnostic imaging was then performed by heli-
cal scanning with the tube current modulated implicitly by the 
MDCT system. The volumetric CT dose index (CTDIvol) was ob-
tained from the scanning summaries that are automatically doc-
umented by the scanner. Table 1 shows the scanning parameters 
and details for the MDCT examinations.

Sparse Sampling and Statistical Iterative Reconstruction
The raw imaging data of the helical examinations were export-

ed directly from the MDCT system and used for simulations of 
sparse-sampled imaging combined with an in-house–developed 
SIR algorithm. Sparse sampling was applied at levels of 100% 
(P100), 50% (P50), 25% (P25), 10% (P10), and 5% (P5) of the original 
projection data, which was achieved by reading every second, 
fourth, 10th, and 20th projection angle and deleting the remain-
ing projections in the sinogram [36–39]. The number of sampled 
projections per full rotation was reduced, but other parameters 
such as tube voltage, x-ray intensity, patient location, and projec-
tion geometry were not changed.

A total-variation approach was used to efficiently reduce im-
age noise (λ = 0.01 and n = 50) [40, 41]. Regarding the image re-
construction, SIR was performed with ordered-subset–separable 
paraboloidal surrogation and a momentum-based accelerating 
approach [38, 42–45]. In this regard, the likelihood term for the re-
construction was generated with log-converted projection data 
considering a Gaussian noise model.

In addition, we applied regularization to compensate for the 
effects of undersampled projections and to improve the conver-
gence of the iterative reconstruction algorithm. The regulariza-
tion term was based on a Huber penalty, and its distinct strength 
was chosen in consensus by two board-certified radiologists 
with 7 years (reader 1) and 6 years (reader 2) of experience in ra-
diology. The aim during selection of the specific regularization 
strength was to sufficiently depress image noise while preserv-
ing adequate bone and soft-tissue contrast at the same time. The 
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same strength of regularization was used for all simulated data 
using sparse sampling (i.e., all P100, P50, P25, P10, and P5 data). 
Using the air and water information from the calibration data in 
the MDCT scanner, voxel intensities (linear attenuation coeffi-
cients) were translated into attenuations in Hounsfield units. Ta-
ble 1 shows reconstruction details for sparse-sampled imaging.

Image Evaluation
The sparse-sampled image data reconstructed with SIR were 

transferred to a PACS (IDS7, Sectra) for qualitative evaluation by 
readers 1 and 2. The readers assessed overall image quality, over-
all artifacts, image contrast, and inspection of the spinal canal us-
ing Likert scales (Table 2). Furthermore, they noted the presence 
and type of any complication of spinal instrumentation, such as 
screw loosening or implant failure (Figs. 1 and 2), ASD (Fig. 3), and 
hematoma or seroma (Fig. 4), and rated their subjective diagnos-
tic confidence (Table 2).

Both readers independently evaluated the sparse-sampled 
image data with SIR of all patients after patient pseudonymiza-
tion using the PACS viewer. They were blinded to the ratings of 
each other and the clinical patient data as well as the radiology 
reports created during clinical routine for the original MDCT data 
reconstructed with standard algorithms and used for clinical di-
agnostic purposes. However, they were informed about the clini-
cal indications for MDCT that were provided by the treating neu-
rosurgeons. Readers started with the evaluations of P100 data of 
all patients followed by an assessment of P50, P25, P10, and P5 
data with an interval of at least 2 weeks between the readings of 
data with different numbers of projections. The order of presen-
tation of patient cases was subject to randomization during ev-
ery round of image readings.

Statistics
GraphPad Prism (version 6.0, GraphPad Software) and SPSS for 

Microsoft Windows (version 25.0, IBM) were used for statistical data 
analyses. A p value of < .05 was considered statistically significant.

Descriptive statistics were calculated for patient-related char-
acteristics including demographics, the scores assigned by each 
reader, and the number and entities of complications related to 
spinal instrumentation. For comparisons of scores assigned for 
overall image quality, overall artifacts, image contrast, inspec-
tion of the spinal canal, and diagnostic confidence of P100 data 
and data with fewer projections, Wilcoxon signed-rank tests were 
conducted for the evaluations of both readers (i.e., P100 vs P50, 
P25, P10, and P5 for reader 1 and reader 2, respectively).

The weighted Cohen kappa was calculated between the scores 
of the two readers regarding the single items of image evaluation 
to assess interreader agreement. The following scale for interpre-

TABLE 1: Scanning and Image Reconstruction 
Parameters

Parameter Value

Tube voltage (kV)

Mean ± SD 134.7 ± 8.8

Range 120–140

Tube current (mA)

Mean ± SD 287.6 ± 56.3

Range 192–397

Rotation time (s)

Mean ± SD 0.61 ± 0.15

Range 0.4–1.0

Exposure (mAs)

Mean ± SD 148.2 ± 51.1

Range 69.0–258.0

Volumetric CT dose index (mGy)

Mean ± SD 12.6 ± 4.3

Range 6.5–23.0

FOV (mm) 200 × 200

Slice thickness (mm) 0.9

Voxel spacing (mm3) 0.39 × 0.39 × 0.9

Reformations Sagittal, axial, coronal

Window settings (HU)a

Window widthb 2500

Window centerb 500
aThe window settings were individually adjustable.
bStandard bone window settings were used as the default settings.

TABLE 2: Likert Scores for Qualitative Image Evaluation and Assessment of Diagnostic Confidence

Item

Score

1 2 3 4 5

Qualitative image evaluation

Overall image quality Very good to perfect 
quality

Good to very good 
quality

Medium quality Poor quality Inappropriate quality

Overall artifacts No artifacts Minimal artifacts Prominent artifacts Major artifacts Severe artifacts

Image contrast Very good to perfect 
contrast

Good to very good 
contrast

Medium contrast Poor contrast Inappropriate contrast

Inspection of the spinal canal Good visibility of 
spinal canal

Moderate visibility of 
spinal canal

Poor visibility of spinal 
canal

Diagnostic confidence

Confidence High confidence Medium confidence Low confidence
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tation of kappa values was considered: a kappa value of less than 
0, no agreement; 0–0.20, slight agreement; 0.21–0.40, fair agree-
ment; 0.41–0.60, moderate agreement; 0.61–0.80, substantial 
agreement; and 0.81–1, almost-perfect agreement.

Results
Cohort Characteristics

Of the 38 patients included in this study, 24 patients (63.2%) 
showed complications related to spinal instrumentation (screw 
loosening or implant failure, ASD, or hematoma or seroma) ac-
cording to the clinical radiologic reports. Three patients (7.9%) 
showed more than one of these complications. The mean inter-
val between the last spine surgery and MDCT for this study group 
was 1.7 ± 3.3 (SD) years (range, postoperative day 1–14.8 years). 
Detailed patient-related characteristics are displayed in Table 3.

The mean CTDIvol of the original-dose MDCT examination with 
the full number of projections (P100) was 12.6 mGy. The CTDIvol of 
the sparse-sampled imaging data accounted for 6.3 mGy (P50), 
3.2 mGy (P25), 1.3 mGy (P10), and 0.6 mGy (P5) of the mean CTDIvol 
of the P100 examination.

Image Evaluation
Overall image quality—Overall image quality decreased with 

the reductions of projections according to the scores of both 
readers. In comparison with P100 data, all sparse-sampled im-
age data showed statistically significantly higher scores (p < .05; 
Table 4). Although images of P100 and P50 were determined to 
be of good to excellent quality, P25 data showed only medium 
quality and P10 and P5 data were of poor and inappropriate 
quality, respectively. Interreader comparison, as expressed by 

D

A

Fig. 1—71-year-old man with screw loosening. Patient had undergone dorsal stabilization (L1 to ilium with intervertebral cages for L3–L4 and L4–L5) 1.5 years earlier. 
This figure presents case with screw loosening at level L1 (both sides).
A–F, Sagittal (A–C), coronal (D), and sagittal (E and F) MDCT images with statistical iterative reconstruction are shown for MDCT with full number of projections (100%) 
(P100) and for sparse-sampled MDCT using 50% (P50), 25% (P25), 10% (P10), and 5% (P5) of original projections. Red ovals in A and D mark area of screw loosening. 
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weighted Cohen kappa values, was in the range of substantial to 
almost-perfect agreement for P100 to P10 data (κ = 0.704–0.822) 
and was moderate for P5 data (κ = 0.522; Table 4).

Overall artifacts—There was an increase in overall artifacts with 
reductions of projections, and differences between sparse-sam-
pled image data and data with the full number of projections 
(P100) were statistically significant (p < .05; Table 4). Images of 
P100 appeared with only minimal artifacts, whereas P50 and P25 
data showed prominent artifacts; P10 data, major artifacts; and 
P5 data, severe artifacts. Interreader agreement was substantial 
to almost perfect for P100 to P10 data (κ = 0.685–0.956) and was 
moderate for P5 data (κ = 0.453; Table 4).

Image contrast—Image contrast decreased with reductions of 
projections, and the differences between data with the full num-
ber of projections (P100) and sparse-sampled image data were 
statistically significant for all levels of sparse sampling (p < .05; 

Table 4). Image contrast was scored as good to excellent for P100 
and P50 data, medium for P25 data, poor for P10 data, and in-
appropriate for P5 data. Substantial to almost-perfect agreement 
was observed between scores of both readers for all data except 
P5 data (P100 to P10, κ = 0.704–0.896; P5, κ = 0.305; Table 4).

Inspection of the spinal canal—The visibility of the spinal ca-
nal was good to moderate for P100 to P10 data, whereas it was 
poor for P5 data. The comparison of scores for the inspection of 
the spinal canal between images of P100 data and all levels of 
sparse-sampled data showed statistically significant differences 
(p < .05; Table 4). Interreader agreement was substantial to almost 
perfect for all data (P100 to P10, κ = 0.609–0.894) except P5 data, 
which showed moderate agreement (κ = 0.529; Table 4).

Detection of complications and diagnostic confidence—All com-
plications related to spinal instrumentation (i.e., screw loosening 
or implant failure, ASD, and hematoma or seroma) were correctly 

D

A

Fig. 2—56-year-old man with implant failure. Patient had undergone dorsal stabilization (T11–S1) 3.5 years earlier. This figure presents case of implant failure at level S1 
(both sides) in context of previously performed dorsal stabilization.
A–F, Sagittal (A–C), axial (D), and sagittal (E and F) MDCT images with statistical iterative reconstruction are shown for MDCT with full number of projections (100%) 
(P100) and for sparse-sampled MDCT using 50% (P50), 25% (P25), 10% (P10), and 5% (P5) of original projections. Red ovals in A and D mark site of implant failure.

F

C

E

B

D
ow

nl
oa

de
d 

fr
om

 a
jr

on
lin

e.
or

g 
by

 1
47

.1
61

.2
54

.8
1 

on
 1

2/
20

/2
3 

fr
om

 I
P 

ad
dr

es
s 

14
7.

16
1.

25
4.

81
. C

op
yr

ig
ht

 A
R

R
S.

 F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d 



L o w - D o s e  M D C T  o f  P a t i e n t s  W i t h  S p i n a l  I n s t r u m e n t a t i o n

AJR:216, May 2021 1313

detected in patients without any missed complications for P100, 
P50, and P25 data according to the evaluations of both readers 
(Figs. 1–4). In the P10 data, two complications were not detected 
by reader 1, and one complication was missed by reader 2. Fur-
thermore, for the P5 data, nine and 11 complications were not de-
tected by reader 1 and reader 2, respectively.

High diagnostic confidence was observed according to mean 
scores (± SD) of both readers for P100 (reader 1, 1.1 ± 0.3; read-
er 2, 1.1 ± 0.2), P50 (reader 1, 1.1 ± 0.3; reader 2, 1.1 ± 0.3), and 
P25 (reader 1, 1.2 ± 0.4; reader 2, 1.3 ± 0.5) imaging data (Fig. 5). 
For P10 data, diagnostic confidence was medium (reader 1, 1.8 
± 0.5; reader 2, 1.9 ± 0.5), and diagnostic confidence was scored 
as low for P5 data (reader 1, 2.6 ± 0.5; reader 2, 2.7 ± 0.5; Fig. 5). 
Statistically significant differences were observed between data 
with the full number of projections (P100) and P25, P10, and P5 
data for scores of both readers, respectively (p < .05). Interreader 

agreement was substantial to almost perfect for all data except 
P5 data (P100 to P10, κ = 0.787–0.855; P5, κ = 0.467).

Discussion
This study investigated sparse sampling combined with SIR 

for MDCT of patients with spinal instrumentation. Although 
overall image quality and contrast decreased and artifacts in-
creased with the reductions of the numbers of projections, di-
agnostic confidence for the detection of common postoperative 
or follow-up complications related to spinal instrumentation re-
mained high for reductions down to 25% of the original projec-
tions. Moreover, for image data with 25% of the original projec-
tions (P25), no complication was missed.

Hardware implanted for spinal instrumentation mostly con-
sists of metal components, which predispose to metal artifacts 
that can profoundly affect image quality and diagnostic confi-

D

A

Fig. 3—72-year-old man with adjacent segment disease (ASD). Patient had undergone dorsal stabilization (L1–L5) 6.5 years earlier. This figure presents patient with 
ASD at segment L5–S1 due to dorsal stabilization.
A–F, Sagittal (A–C), coronal (D), and sagittal (E and F) MDCT images with statistical iterative reconstruction for MDCT with full number of projections (100%) (P100) and 
sparse-sampled MDCT using 50% (P50), 25% (P25), 10% (P10), and 5% (P5) of original projections. Red ovals in A and D mark area of ASD.
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dence for x-ray–based imaging modalities. Metallic hardware 
causes beam-hardening and photon starvation of the x-ray, 
which commonly result in dark bands on images that are re-
ferred to as streak artifacts [17, 20]. These artifacts impede clear 
depiction of the implanted hardware, structures in the vicinity 
of the hardware, and metal-bone interfaces [17, 20]. Thus, pa-
tients with implanted metallic hardware are challenging to im-
age when it comes to artifact reductions and lowering of radia-
tion exposure because merely decreasing the tube current—an 
approach conventionally used to reduce radiation exposure for 
MDCT—is likely to fail. A decrease in tube current is likely to fail 
because the reduced energy applied inherently leads to con-
siderable increases in image noise, making metal artifacts even 
more prominent and restricting the diagnostic usability of data. 
A fundamentally different way to reduce radiation exposure is to 
acquire fewer projection images, which is referred to as sparse 
sampling [32, 33]. The anticipated benefit of sparse sampling 
over tube current reduction is reflected by better maintenance 
of image quality while circumventing the influence of noise [32, 
33]. Therefore, this approach seems ideally suited for application 
in patients with spinal instrumentation.

Sparse sampling is a novel technique that has recently been ap-
plied to MDCT of the spine for different purposes [36, 37]. A recent 
study was able to show that assessment of vertebral bone mineral 
density and of microstructure parameters using sparse-sampled 
MDCT is more robust than MDCT with ultra-low tube currents [36]. 
Furthermore, sparse-sampled MDCT provided adequate image 

quality and diagnostic accuracy for vertebral fracture detection 
with only 50% of the original projections, in contrast to MDCT with 
tube currents lowered by 50% [37]. However, sparse sampling has 
not yet been applied to patients with implanted hardware at the 

D

A

Fig. 4—50-year-old man with hematoma. Patient had undergone ventral stabilization (C5–T1 with intervertebral cages for C6–C7 and C7–T1) 3 days earlier. This figure 
presents patient with postoperative hematoma in prevertebral space at level of cervical spine 3 days after ventral stabilization. 
A–F, Sagittal (A–C), axial (D), and sagittal (E and F) MDCT images with statistical iterative reconstruction for MDCT with full number of projections (100%) (P100) and for 
sparse-sampled MDCT using 50% (P50), 25% (P25), 10% (P10), and 5% (P5) of original projections. Red ovals in A and D mark area of hematoma.

F

C

E

B

TABLE 3: Patient, Procedure, and Hardware 
Characteristics 

Characteristic Value

Age (y), median (range) 71.3 (32.1–90.7)

Sex, % of patients

Men 76.3

Women 23.7

No. of vertebrae in FOV, median (range) 8.0 (3–23)

Area covered by FOV, % of patients

Cervical spine 31.6

Thoracic spine 65.8

Lumbosacral spine 68.4

Type of stabilization, % of patients

Dorsal 92.1

Ventral 5.3

Combined dorsal and ventral 2.6

(Table 3 continues on next page)
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spine to our knowledge. Our results show that sparse-sampled 
MDCT data with only 25% of the initial projections combined with 
SIR is capable of providing images that can be used for adequate 
diagnostics of complications of spinal instrumentation with pre-
served high diagnostic confidence.

Improvement of image quality and, thus, diagnostic usability 
of MDCT data can also be facilitated by application of advanced 

image reconstruction algorithms [32, 34, 35]. This study used an 
in-house–developed SIR algorithm; however, reconstruction solu-
tions for metal artifact reduction are commercially available [27]. 
The use of common commercially available image reconstruc-
tion algorithms with metal artifact reduction may harbor the risk 
of introducing new, uncommon artifacts and image compromis-
es [28–31]. These unintentionally produced artifacts can include 
perihardware or pedicle screw lucency and abnormal intraosseous 
cement distribution that can interfere with correct diagnostics in 
patients with spinal instrumentation [31]. Hence, further develop-
ment of reconstruction algorithms particularly in patients with spi-
nal instrumentation is welcomed to avoid misdiagnosis and, in the 
worst case, unnecessary treatment related to erroneous detection 
of instrumentation-related complications. Using both beneficial 
image acquisition combined with advanced reconstruction, such 
as sparse sampling with SIR, may further reduce artifacts in imag-
ing data of patients with implanted hardware.

Imaging using CT comes at the cost of radiation exposure to 
the patient: one-time scanning with a modern scanner applies 
an estimated effective dose of 5.6 and 10.0 mSv for the lumbar 
and whole dorsal spine, respectively, thus potentially entailing a 
relevant estimated cancer risk ratio for the individual patient [21, 
22]. In this regard, the linear no-threshold (LNT) model implies 
a uniform cancer risk per unit dose from higher to lower dos-
es and assumes there is no threshold dose for radiation-induced 
cancer [46, 47]. Thus, in terms of the LNT model that is consid-
ered the currently accepted standard concept for radiation pro-
tection, any dose reduction is welcomed and would be directly 
related to a reduced risk of cancer induction and to increased 
patient safety. Wide acceptance of the LNT model is related to its 

TABLE 3: Patient, Procedure, and Hardware 
Characteristics (continued)

Characteristic Value

No. of fused segments, median (range) 3.0 (1–8)

No. of screws per side, median (range) 4.0 (2–8)

Cement augmentation, % of patients 15.8

Intervertebral body cages, % of patients 36.8

Vertebral body replacement, % of patients 23.7

Complications related to spinal instrumentation, 
% of patients

None 36.8

Screw loosening or implant failure 34.2

ASD 7.9

Hematoma or seroma 13.2

Screw loosening or implant failure and ASD 5.3

Screw loosening or implant failure and 
 hematoma or seroma

2.6

Note—ASD = adjacent segment disease.

TABLE 4: Qualitative Image Evaluation

Qualitative Image 
 Evaluation P100 P50 p P25 p P10 p P5 p

Overall image quality

Reader 1 2.2 ± 0.7 2.4 ± 0.6 .005 2.9 ± 0.7 < .001 3.7 ± 0.7 < .001 4.7 ± 0.5 < .001

Reader 2 2.2 ± 0.9 2.5 ± 0.9 .001 2.8 ± 0.8 < .001 3.8 ± 0.8 < .001 4.5 ± 0.6 < .001

κ 0.792 0.704 — 0.822 — 0.782 — 0.522 —

Overall artifacts

Reader 1 2.4 ± 0.6 2.7 ± 0.6 .003 3.3 ± 0.6 < .001 4.1 ± 0.6 < .001 4.8 ± 0.4 < .001

Reader 2 2.5 ± 0.6 2.7 ± 0.7 .004 3.4 ± 0.7 < .001 4.1 ± 0.7 < .001 4.8 ± 0.4 < .001

κ 0.956 0.803 — 0.685 — 0.799 — 0.453 —

Image contrast

Reader 1 1.9 ± 0.7 2.2 ± 0.6 < .001 3.0 ± 0.7 < .001 3.7 ± 0.7 < .001 4.8 ± 0.4 < .001

Reader 2 1.8 ± 0.7 2.3 ± 0.7 < .001 2.9 ± 0.7 < .001 3.7 ± 0.8 < .001 4.6 ± 0.5 < .001

κ 0.896 0.721 — 0.787 — 0.704 — 0.305 —

Inspection of spinal canal

Reader 1 1.5 ± 0.5 1.6 ± 0.5 .01 1.9 ± 0.3 < .001 2.5 ± 0.5 < .001 2.9 ± 0.3 < .001

Reader 2 1.5 ± 0.5 1.6 ± 0.5 .03 1.8 ± 0.4 < .001 2.4 ± 0.6 < .001 2.9 ± 0.3 < .001

κ 0.894 0.728 — 0.685 — 0.609 — 0.529 —

Note—Evaluation was performed for sparse-sampled scans derived from MDCT using the full number of projections (100%) (P100) combined with statistical iterative 
reconstruction (SIR) as well as for scans simulated as if they were performed with 50% (P50), 25% (P25), 10% (P10), and 5% (P5) of original projections and also 
reconstructed with SIR. Scores are given as mean ± SD, and interreader agreement is expressed by weighted Cohen kappa values; p values refer to the comparisons of 
respective sparse-sampled scans to scans with 100% of projections and SIR. Boldface shows statistically significant values (p < .05). Dash (—) indicates not applicable.
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good fit to data from several observational studies on radiation 
exposure and cancer development and the lack of a reasonably 
competitive alternative model [48]. However, the LNT model can 
be seen as controversial, which might particularly hold true for 
diagnostic imaging studies with inherently limited radiation ex-
posure [47, 48]. For the current study, using only 25% of the ini-
tial projections would lower the CTDIvol to 3.2 mGy versus 12.6 
mGy as estimated for imaging with the full number of projec-
tions for our patient cohort. The exact numbers may be subject 
to variations depending on the size of the FOV and the specific 
MDCT scanner used, among other factors, but they may point 
toward the high potential of sparse-sampled MDCT for patient 
safety. Although the distinct evaluation of a potentially reduced 
cancer risk attributable to decreased radiation exposure is out of 
the scope of the current study, the achievement of lowered ex-
posure would fit to the implications of the LNT model and the 
prominent ALARA principle [46, 49].

Our study has limitations that must be considered. First, sparse 
sampling has not been made commercially available yet, but pro-
totypes already exist and may find their way to the clinical setting. 
Second, this study did not compare imaging data of sparse-sam-
pled MDCT with SIR to routine MDCT images using commercial-
ly available image reconstruction algorithms with metal artifact 
suppression because of the current impossibility to transfer the 
simulated data back to the MDCT system. Thus, direct evalua-
tion of potential superiority of the presented approach to com-
mercially available solutions could not be performed. Third, we 
used MDCT because this technique is most widely distributed and 
is applied frequently in centers dealing with patients with spinal 
instrumentation. Acquisitions with dual-layer or spectral CT have 
shown considerable potential to facilitate metal artifact reduction 
[23–26]. However, neither dual-layer CT nor spectral CT is broad-
ly available, and the respective systems are expensive. Thus, fur-
ther development of MDCT for imaging of patients with implant-
ed hardware still appears highly important for clinical routine, and 
a combination of techniques should be sought in the future.

Conclusion
This study is the first to investigate sparse sampling combined 

with SIR for MDCT of patients with spinal instrumentation. Using 
the presented approach can enable considerable reductions in 
radiation exposure. The use of P25 data with SIR resulted in no 
missed complications related to spinal instrumentation and al-
lowed high diagnostic confidence, so using only 25% of the pro-
jections is probably enough for accurate and confident diagnos-
tic detection of major instrumentation-related complications.
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