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Abstract
Purpose Free-hand pedicle screw insertion methods are widely used for screw insertion during scoliosis surgery. Preop-
erative knowledge about the pedicle size helps to maximize screw containment and minimize the risk of pedicle breach. 
Radiographs taken by a biplanar low-dose X-ray device (EOS) have no divergence in the vertical plane. The criterion valid-
ity and reliability of preoperative EOS images for pedicle size measurements in patients with idiopathic scoliosis (IS) was 
investigated in this study.
Methods Sixteen patients who underwent surgical treatment for IS were prospectively included. Intra- and extracortical 
pedicle height and width measurements on EOS images were compared with reconstructed intra-operative 3D images of 
the isthmus of included pedicles. Secondly, intra- and interobserver reliability of pedicle size measurements on EOS images 
was determined.
Results The total number of analyzed pedicles was 203. The correlation between the EOS and 3D scan measurements was 
very strong for the intra- and extracortical pedicle height and strong for the intra- and extracortical pedicle width. There 
are, however, significant, but likely clinically irrelevant differences (mean absolute differences < 0.43 mm) between the two 
measure methods for all four measurements except for extracortical pedicle height. For pedicles classified as Nash–Moe 0, 
no significant differences in intra- and extracortical pedicle width were observed. Both intra- and interobserver reliability 
was excellent for all pedicle size measurements on EOS images.
Conclusion The results of this study indicate a good validity and reliability for pedicle size measurements on EOS radio-
graphs. Therefore, EOS radiographs may be used for a preoperative estimation of pedicle size and subsequent screw diameter 
in patients with IS.

Keywords Pedicle size measurements · EOS · Intra-operative 3D images · Scoliosis · Validity and reliability

Background

Posterior spinal instrumentation and fusion with pedicle 
screws is a standard practice in the surgical treatment of 
severe idiopathic scoliosis (IS) [1–3]. It is regarded as a 
safe and effective procedure in the majority of the patients 
[4]. However, appropriate placement of well-sized pedicle 
screws can be challenging in scoliosis due to the different 
morphometric characteristics of the pedicle dimensions and 
vertebral rotation [2]. As shown in earlier CT studies, there 
is a wide variation in pedicle shapes and sizes in a scoliotic 
spine [5]. Consequently, screw misplacements and under- or 
oversizing are risks. This subsequently increases the risk of 
neurologic or vascular injury, pedicle fracture, and screw 
loosening [6, 7].
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Free-hand pedicle screw insertion methods are widely 
used for screw insertion. Due to the variation in pedicle 
dimensions, it is not possible to use standardized screw 
diameters for each spinal levels. Previous studies showed 
that full containment of the screws within the cortical pedi-
cle walls was achieved 69–94% with free-hand placement, 
and pedicle breach rates are reported at 9.7%–17.1% [6, 7]. 
Preoperative knowledge about the pedicle size helps to max-
imize screw containment and minimize the risk of pedicle 
breach. To accurately measure the pedicle sizes, a preopera-
tive computed tomography (CT) scan is needed [8]. How-
ever, this is not done routinely in clinical practice due to the 
exposure of this young population to high levels of radiation. 
Plane radiographs as alternative have the disadvantage that 
there is divergence in both the horizontal and vertical planes.

The EOS imaging system can provide biplanar low-dose 
radiographs of the spine, which reduces the amount of radia-
tion substantially in comparison with CT and conventional 
radiographs [9, 10]. Furthermore, images have no divergence 
in the vertical plane since the system uses a C-arm. Despite 
these advantages, the reliability of the EOS imaging system 
for pedicle size measurements has not been investigated.

The purpose of this study was to assess the validity and 
intra- and interobserver reliability of preoperative EOS 
images for measurements of the pedicle heights and widths 
in patients with IS.

Methods

Patients

This study was approved by the Medical Ethical Review 
Board (RR-Number: 201800917) and carried out in the Uni-
versity Medical Center Groningen (UMCG). After obtain-
ing informed consent, patients were prospectively included 
from October 2018 to April 2019. Inclusion criteria were: 
(1) IS patients aged between 12 and 25 years with (2) a Cobb 
angle of the thoracic and/or lumbar curve of 50 degrees or 
more (3) undergoing surgical correction. Patients with spinal 
anomalies or previous spine operations were excluded.

Medical imaging

Routine biplanar low-dose radiographs of the spine were 
made preoperatively with the EOS system (EOS imaging, 
Paris, France). Patients were positioned on the EOS plat-
form in standing position. Surgical treatment was performed 
using routine intra-operative 3D imaging (Siemens Arcadis 
Orbic 3D C-arm) and navigation system (Stryker). These 
intra-operative 3D images were used as “gold standard” in 
this study.

Method of measurements

Two independent observers (CP and LH), residents from 
the department of orthopedic surgery and radiology, ana-
lyzed the pedicle sizes in the preoperative EOS images and 
intra-operative 3D images. Both observers were blinded 
for the scoring of the other observer. One observer (CP) 
performed all measurements twice with a week between 
the measurements. The pedicle sizes were measured with 
Advanced PACS Viewer. The standing AP view was used 
for measurements on the EOS images. For the intra-oper-
ative 3D scan, the vertical plane perpendicular on the lines 
of the transverse and sagittal pedicle angle was recon-
structed at the narrowest part (isthmus) of each individual 
pedicle (Fig. 1). The analysis of each pedicle consisted 
of the largest intracortical and extracortical diameter of 
the height and width of the pedicle isthmus (Figs. 1, 2). 
The Nash and Moe method was used on the EOS AP view 
to determine the vertebral rotation [11]. Pedicles on the 
concave side with a Nash–Moe rotation score ≥ 2 were not 
measurable and therefore excluded from analysis.

Statistical analyses

Paired-sample T-tests were used to compare differences in 
the mean pedicle size measurements between EOS images 
and intra-operative 3D images measurements. Spearman’s 
rho correlation coefficients were calculated between intra- 
and extracortical pedicle height and width measurements 
on EOS and intra-operative 3D images. A Spearman’s rho 
of 0.90–1.00 indicates a very strong correlation, a rho of 
0.70–0.89 indicates a strong correlation, 0.50–0.69 moder-
ate, 0.26–0.49 weak, and < 0.25 indicates little if any cor-
relation [12, 13]. Absolute agreement was evaluated with 
Bland–Altman plots [14]. If the 95% confidence interval 
(CI) of the mean difference between the two measurements 
contains zero, then no systematic bias is present between 
the measurements on EOS and intra-operative 3D images 
[15].

ANOVA with post hoc Tukey tests was used to assess 
the influence of Nash–Moe vertebral rotation score and 
spinal level on the mean differences between EOS and 3D 
pedicle size measurements. For this, the data were clus-
tered in three Nash–Moe groups (0, 1, and 2–3) and four 
spinal level groups (T3-T5, T6-T9, T10-L1, and L2-L5). 
Since there were only few pedicles with a Nash–Moe 
score 3, they were clustered with Nash–Moe score 2 as 
one group.

The relative and absolute intra- and interobserver reli-
ability was determined. The relative intra- and interob-
server reliability was assessed by calculating the intraclass 
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correlation coefficients (ICCs) (two-way random, abso-
lute agreement) for each intra- and extracortical pedicle 
height and width measurements on the EOS radiographs 
[15]. ICC greater than 0.9 indicates excellent reliability, 
values of 0.75–0.9 indicate good reliability, values of 
0.5–0.7 indicate moderate reliability, and ICCs less than 
0.5 are considered to indicate poor reliability [16]. The 
Bland–Altman method was used to evaluate the absolute 
intra- and interobserver reliability [14]. IBM SPSS Statis-
tics for Windows, version 23.0 (IBM Corp., Armonk, NY, 
USA), was used for statistical analysis. A P-value < 0.05 
was considered to be statistically significant.

Results

Patient inclusion and characteristics

Sixteen patients with a mean preoperative Cobb angle 
of 60 degrees (SD = 6.8) and a mean age of 16  years 
(SD = 2.6) were included in the study (Table 1). Fourteen 
patients (87.5%) were female. The total number of pedicles 
measurements for comparing EOS and 3D imaging was 
203. Most patients (81%) had a right thoracic structural 

Fig. 1  Intracortical (a) and extracortical (b) pedicle height and width measurements on intra-operative 3D images. The vertical plane (d) on the 
lines of the transverse (c) and sagittal pedicle angle (d) was reconstructed at the narrowest part (isthmus) of each individual pedicle
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scoliosis. Sixty-one pedicles on the concave side with a 
Nash–Moe grade score ≥ 2 could not be measured.

Validity of EOS measurements

The correlation between the EOS and intra-operative 3D 
measurements was very strong for the intracortical pedicle 
height (Spearman’s rho = 0.93) and strong for the intracorti-
cal (Spearman’s rho = 0.85) and extracortical (Spearman’s 
rho = 0.87) pedicle width (Table 2). Significant differences in 
intracortical pedicle height, intracortical pedicle width, and 
extracortical pedicle width between EOS and intra-opera-
tive 3D measurements were established. The Bland–Altman 
plots showed a systematic bias in all three measurements. 
The intracortical pedicle height was systematically measured 
larger on EOS images (mean height: 9.01 vs. 8.64 mm for 

EOS and 3D run, respectively). The intra- and extracortical 
pedicle width was systematically measured smaller on the 
EOS images than on the intra-operative 3D images (Table 2).

There were no significant differences in extracorti-
cal pedicle height between the two measurement methods 
(Table 2). The Bland–Altman plot showed also no significant 
bias, and the correlation between the two measure methods 
was very strong (Spearman’s rho = 0.95). The mean differ-
ence of the pedicle size measurements between EOS and 3D 
varied between 0.06 and 0.43 mm.

Influence of Nash–Moe scores on mean differences 
between EOS and 3D

The comparisons of EOS and intra-operative 3D measure-
ments of pedicles with a Nash–Moe score 0, 1, and 2–3 

Fig. 2  Intracortical (a) and extracortical (b) pedicle height and width measurements on preoperative EOS images
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are presented in supplementary data 1 in the same way as 
Table 2. The mean difference of EOS and 3D intracorti-
cal pedicle width measurements was significantly larger 
for pedicles with Nash–Moe score 2–3 (mean difference: 
− 0.47 mm), compared to pedicles with Nash–Moe score 
0 (mean difference: − 0.06, P = 0.03) or Nash–Moe score 
1 (mean difference: − 0.16, P = 0.04). No other significant 
differences between the Nash–Moe groups were observed.

Influence of spinal level on mean differences 
between EOS and 3D

The mean absolute difference between EOS and 3D intra-
cortical pedicle width measurements was significant 
smaller for the group pedicles from spinal levels T3–T5, 
compared to pedicles from spinal levels T10–L1 (mean 
difference: 0.13 vs. − 0.35 mm for T3–T5 and T10–L1, 

Table 1  Characteristics of the 
included patients

F female, M male, y years CA preoperative Cobb angle, T thoracic vertebra, L lumbar vertebra, N pedicles, 
number of measured pedicles for the comparison between EOS and 3D imaging

Patient Gender Age (y) CA (degrees) Fusion levels N pedicles N pedicles Nash–
Moe score: 0 (1) 
[2] {3}

1 F 14 70 T4–L1 13 6 (3) [3] {1}
2 F 19 52 T4–L1 12 2 (5) [5] {0}
3 F 13 58 T3–L1 15 0 (13) [2] {0}
4 F 20 52 T4–T12 16 4 (12) [0] {0}
5 F 15 60 T4–T12 13 2 (7) [4] {0}
6 F 14 71 T4–L4 16 2 (7) [4] {3}
7 F 14 70 T3–L2 11 0 (8) [2] {1}
8 F 18 53 T4–L1 11 3 (4) [4] {0}
9 F 17 64 T3–T12 11 2 (3) [6] {0}
10 F 16 56 T3–T11 14 6 (6) [2] {0}
11 F 15 60 T4–L5 17 4 (8) [5] {0}
12 M 16 62 T4–L1 14 6 (4) [4] {0}
13 F 22 65 T3–T11 11 2 (6) [3] {0}
14 F 13 62 T4–L1 11 3 (3) [5] {0}
15 F 15 54 T4–T11 10 2 (5) [3] {0}
16 M 18 50 T9–L4 8 2 (2) [4] {0}
Total 203 46 (96) [56] {5}

Table 2  Comparison of EOS and intra-operative 3D measurements

N number of compared pedicles, mm millimeters, SD standard deviation, CI confidence interval, SD∆ standard deviation of mean difference, 
EOS, EOS images; 3D, intra-operative 3D images; P P-value
a Mean difference was calculated by subtracting the intra-operative 3D measurements from the EOS measurements
* indicates a statistically significant difference (P < 0.05)

Measurement N Mean EOS (mm) Mean 3D (mm) Mean  differencea (95% 
CI)

SD∆ Range of 
difference 
EOS–3D

P-value Spearman’s rho

Intracortical pedicle 
height

192 9.01 8.64 0.36 (0.22–0.50) 0.98 − 2.28–3.91  < 0.01* 0.927

Extracortical pedicle 
height

193 13.42 13.36 0,06 (− 0.07–0.19) 0.90 – 2.62–3.66 0.36 0.948

Intracortical pedicle 
width

199 3.63 3.87 − 0.23 (– 0.34– − 0.12) 0.80 − 3.03–1.58  < 0.01* 0.852

Extracortical pedicle 
width

201 6.00 6.43 − 0.43 (− 0.57– − 0.30) 0.97 − 3.68–2.09  < 0.01* 0.870
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respectively, P = 0.04). Also for extracortical pedicle 
width significant smaller mean absolute differences were 
established for pedicles from spinal levels T3–T5 (mean 
difference = 0.02  mm) and T6–T9 (mean difference: 
− 0.29), compared to pedicles from spinal levels T10–L1 
(mean difference: − 0.74 mm, P =  < 0.01 and P = 0.01, 
respectively). No other significant differences were found 
between the different spinal level groups. Box plots of the 
EOS and intra-operative 3D pedicle size measurements 
for each spinal level are presented in supplementary data 
2–5.

Intraobserver and interobserver reliability

Relative intra- and interobserver reliability was excellent for 
all pedicle size measurements on EOS (all ICC’s ≥ 0.94, see 
Tables 3, 4). The mean difference of the measurements var-
ied between 0.02 and 0.37 mm. In the absolute intraobserver 
reliability analysis, there was no systematic bias between the 
two EOS intracortical pedicle height and width measure-
ments. A systematic bias was observed in EOS extracortical 
pedicle height (95% CI = 0.03–0.23 mm) and width meas-
urements (95% CI = 0.01–0.17 mm, see Table 3). Regard-
ing interobserver reliability, there was no systematic bias 
between EOS intracortical pedicle width measurements. 

Table 3  Intraobserver reliability of EOS measurements

Pedicle height and width measurements are expressed in millimeters(mm)
M1 measurement 1 from observer one (CP), M2 measurement 2 from observer one (CP), mm millimeters, SD standard deviation, CI confidence 
interval, SD∆ standard deviation of mean difference, SEM standard error of measurement, SMC smallest detectable change, P P-value, ICC 
intraclass correlation coefficient
a Mean difference was calculated by subtracting M2 from M1
* indicates a statistically significant difference (P < 0.05)

Measurement Mean M1 (SD) Mean M2 (SD) Mean  differencea 
(95% CI)

SD∆ SEM SDC Range of 
difference 
M1–M2

P-value ICC (95% CI)

Intracortical pedicle 
height

9.00 (2.48) 9.03 (2.55) − 0.03 (− 0.13–0.06) 0.69 0.49 1.36 − 2.15–2.74 0.49 0.96 (0.95–0.97)

Extracortical pedicle 
height

13.42 (2.82) 13.29 (2.86) 0.13 (0.03–0.23) 0.69 0.49 1.36 − 1.91–2.44 0.01* 0.97 (0.96–0.98)

Intracortical pedicle 
width

3.63 (1.36) 3.65 (1.42) − 0.02 (− 0.08–0.04) 0.41 0.29 0.80 − 2.87–1.27 0.48 0.96 (0.94–0.97)

Extracortical pedicle 
width

6.00 (1.66) 5.91 (1.66) 0.09 (0.01–0.17) 0.57 0.40 1.11 − 2.45–3.12 0.02* 0.94 (0.92–0.95)

Table 4  Interobserver reliability of EOS measurements

Pedicle height and width measurements are expressed in millimeters(mm)
Ob 1 measurement 1 from observer one (CP), Ob 2 measurement from observer two (LH), mm millimeters, SD standard deviation, CI confi-
dence interval, SD∆ standard deviation of mean difference, SEM standard error of measurement, SMC smallest detectable change, P P-value, 
ICC intraclass correlation coefficient
a Mean difference was calculated by subtracting M2 from M1
* indicates a statistically significant difference (P < 0.05)

Measurement Mean Ob 1 (SD) Mean Ob 2 (SD) Mean  differencea 
(95% CI)

SD∆ SEM SDC Range of 
difference Ob 
1–Ob 2

P-value ICC (95% CI)

Intracortical pedi-
cle height

9.01 (2.48) 8.64 (2.53) 0.37 (0.27–0.47) 0.72 0.51 1.41 − 1.31–2.49  < 0.01* 0.95 (0.90–0.97)

Extracortical pedi-
cle height

13.42 (2.82) 13.26 (3.00) 0.16 (0.05–0.27) 0.78 0.55 1.52 − 3.12–2.75 0.01* 0.96 (0.95–0.97)

Intracortical pedi-
cle width

3.63 (1.36) 3.57 (1.39) 0.06 (<  − 0.01–
0.13)

0.47 0.33 .91 − 2.83–1.71 0.06 0.94 (0.92–0.96)

Extracortical pedi-
cle width

6.00 (1.66) 5.77 (1.65) 0.23 (0.15–0.31) 0.55 0.39 1.08 − 1.14–2.41  < 0.01* 0.94 (0.90–0.96)
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For the EOS intracortical (95% CI = 0.27–0.47 mm) and 
extracortical pedicle height (95% CI = 0.05–0.27 mm) and 
extracortical pedicle width (95% CI = 0.15–0.31 mm), a sys-
tematic bias was observed (Table 4).

Discussion

The results of this study show a very strong correlation 
between the EOS and intra-operative 3D measurements 
for the intra- and extracortical pedicle height and a strong 
correlation for the intra- and extracortical pedicle width, 
indicating a good validity of EOS measurements. The mean 
absolute differences of the measurements between the two 
methods were small (0.06 mm–0.43 mm), but a systematic 
bias existed in all measurements, except for the extracor-
tical pedicle height. The correlation was weaker but still 
strong for pedicles with a Nash–Moe score 2–3, compared 
to pedicles of vertebral bodies with less rotation. The mean 
absolute differences were often smaller for pedicles from 
higher spinal levels, which could be explained by the gen-
erally smaller pedicle sizes. Both intra- and interobserver 
reliability was excellent for all pedicle size measurements 
on EOS images.

A stronger correlation between EOS and intra-operative 
3D measurements was observed for pedicle height measure-
ments (very strong correlation) compared to pedicle width 
measurements (strong correlation). In particularly, pedicles 
with a Nash–Moe score 2 or 3 showed weaker correlation 
for the intra- and extracortical pedicle width measurements. 
This was expected for two reasons. First, the EOS imag-
ing system uses a C-arm with the result that there should 
be no divergence in the vertical plane, but there still is in 
the horizontal plane. Vertebral bodies with pedicles with 
Nash–Moe score 2 and 3 are generally positioned closer to 
the apex of the scoliosis curve and therefore wider from 
the C7 plumb line than vertebral bodies with less rotation. 
Consequently, these pedicles near the apex have theoretically 
a more adverse effect of the divergence in the horizontal 
plane. Since there was a systematically measured smaller 
intra- and extracortical pedicle width of Nash–Moe 2 and 3 
pedicles (mean difference was − 0.47 mm and − 0.51 mm for 
intra- and extracortical pedicle width measurements, respec-
tively) and no significant difference for pedicles classified as 
Nash–Moe 0 on the EOS images compared to intra-operative 
3D images, the adverse effect of the divergence by the EOS 
imaging system was not regarded as a relevant factor and 
vertebral rotation is a more logic explanation for this sys-
tematic underestimation.

The transverse and sagittal pedicle axis lines have been 
described as the ideal pedicle screw trajectory in which each 
pedicle appeared largest, and are used for pedicle screw 
placements with intra-operative 3D imaging and navigation 

systems [5, 17, 18]. Therefore, the vertical plane perpen-
dicular on these two lines was reconstructed at the isthmus 
of each pedicle for the pedicle size measurements on the 
intra-operative 3D scans. The isthmus is the smallest part of 
the pedicle through which a pedicle screw is mostly placed, 
so the strong correlation between the pedicle size measure-
ments on this vertical plane and size measurements on EOS 
images found in this study is of great interest for providing 
a preoperative indication of needed pedicle screw diameters. 
Although a commonly accepted criterion for pedicle screw 
diameter selection has not yet been proposed in the litera-
ture, the systematic review of studies with recommendations 
by Solitro et al. (2019) reported a screw diameter ranging 
from 80% to a maximum value of 125% of the pedicle width 
[7, 19, 20]. The human cadaver study of Christodoulou et al. 
(2005) described that the outer screw diameter should match 
precisely the intracortical pedicle width without ever exceed-
ing the extracortical pedicle width [21]. However, in pediat-
ric populations, the recommendations for maximum screw 
diameter/pedicle width ratio ranged from 1.15 to 1.25 [7]. 
These higher values were explained by the relative plasticity 
of the pedicle cortex in the pediatric spine [20, 22].

Clinical implications

In daily practice, surgeons using free-hand pedicle screw 
insertion methods can preoperatively reliably measure intra- 
and extracortical pedicle widths on EOS radiographs for an 
indication of the needed pedicle screw diameters for those 
individual pedicles. They should, however, be aware of the 
small systematic underestimation of the pedicle width meas-
urements on EOS images when measuring visible pedicles 
from rotated vertebrae. On the other hand, since pedicle 
screws generally differ 1 mm in diameter sizes, these small 
underestimations are likely clinically irrelevant. Surgeons 
performing scoliosis surgeries with intra-operative 3D 
imaging and a pedicle screw navigation system could also 
benefit from preoperative knowledge of pedicle sizes, as for 
determining the optimal screw trajectory less resolution and 
therefore less radiation is needed, further reducing the intra-
operative dose.

Limitations

Intra-operative 3D images were used as a standard tech-
nique for pedicle size measurements in this study. Although 
a preoperative CT is regarded as the gold standard, the intra-
operative 3D rotational X-ray technique has also shown an 
accurate correspondence with anatomic sections [23]. In 
addition, the intra- and interobserver reliability was excel-
lent for all pedicle size measurements on intra-operative 3D 
images (ICCs > 0.95, see supplementary data 6, 7).
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A limitation of measuring pedicle sizes on EOS radio-
graphs is that not every pedicle of the scoliotic spine can be 
measured due to overprojection or vertebral rotation. Pedi-
cles on the concave side with a Nash–Moe grade score ≥ 2, 
for example, cannot be measured. Unfortunately, the pedicle 
size of convex pedicle at this vertebra is not representative 
for the contralateral concave pedicle due to the asymmetry 
in IS [5, 24]. This pedicle asymmetry has also been found in 
this study when left- and right-sided pedicle sizes were com-
pared on the intra-operative 3D scans (results not shown).

In conclusion, the results of this study indicate a good 
validity and reliability for pedicle size measurements on 
EOS radiographs. For pedicles classified as Nash–Moe 0, 
no significant differences in intra- and extracortical pedicle 
width were observed, but when measuring pedicles with a 
Nash–Moe score > 0 surgeons should be aware of a signifi-
cant systematic small underestimation of the pedicle width 
measurements on EOS images. As a result, EOS radiographs 
may be used for a preoperative estimation of pedicle size and 
subsequent screw diameter in patients with IS.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00586- 021- 06839-8.
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