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Abstract 

Background:  As bone microstructure is known to impact bone strength, the aim of this in vitro study was to evaluate 
if the emerging photon-counting detector computed tomography (PCD-CT) technique may be used for measure-
ments of trabecular bone structures like thickness, separation, nodes, spacing and bone volume fraction.

Methods:  Fourteen cubic sections of human radius were scanned with two multislice CT devices, one PCD-CT and 
one energy-integrating detector CT (EID-CT), using micro-CT as a reference standard. The protocols for PCD-CT and 
EID-CT were those recommended for inner- and middle-ear structures, although at higher mAs values: PCD-CT at 450 
mAs and EID-CT at 600 (dose equivalent to PCD-CT) and 1000 mAs. Average measurements of the five bone param-
eters as well as dispersion measurements of thickness, separation and spacing were calculated using a three-dimen-
sional automated region growing (ARG) algorithm. Spearman correlations with micro-CT were computed.

Results:  Correlations with micro-CT, for PCD-CT and EID-CT, ranged from 0.64 to 0.98 for all parameters except for 
dispersion of thickness, which did not show a significant correlation (p = 0.078 to 0.892). PCD-CT had seven of the 
eight parameters with correlations ρ > 0.7 and three ρ > 0.9. The dose-equivalent EID-CT instead had four parameters 
with correlations ρ > 0.7 and only one ρ > 0.9.

Conclusions:  In this in vitro study of radius specimens, strong correlations were found between trabecular bone 
structure parameters computed from PCD-CT data when compared to micro-CT. This suggests that PCD-CT might be 
useful for analysing bone microstructure in the peripheral human skeleton.
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Key points

•	 Photon-counting detector CT (PCD-CT) showed 
strong correlations with micro-CT for bone structure 
parameters.

•	 PCD-CT showed less over-/underestimation of bone 
structure parameters when compared to energy-inte-
grating detector CT (EID-CT).

•	 PCD-CT could enable the use of a lower radiation 
dose at the same or better true resolution when com-
pared to EID-CT.
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Background
Osteoporosis is a skeletal disease where multiple patho-
genic processes lead to loss of bone mass and changes in 
the microarchitecture [1]. Both mineral content and the 
internal bone microstructure have an impact on bone 
strength [2, 3]. Osteoporotic bone has become more 
fragile with an increased risk of fractures. Osteoporotic 
fractures of central body parts like the hip and spine are 
associated with high mortality and morbidity, represent-
ing a high economic burden for society [4, 5]. Sarcopenia, 
another typical feature of ageing, is also associated with 
falls and fractures causing high morbidity [6]. Determin-
ing the microarchitecture of bone, both cortical and tra-
becular, is essential for an accurate assessment of bone 
strength [7]. Bone structure can be visualised using three-
dimensional (3D) computed tomography (CT) variants 
like micro-computed tomography (micro-CT), high-res-
olution peripheral quantitative computed tomography 
(HR-pQCT), dental cone beam computed tomography 
(dCBCT), multislice energy-integrating detector CT 
(EID-CT) and multislice photon-counting detector CT 
(PCD-CT) with energy discrimination capability [8–14]. 
Trabecular and cortical bone structure parameters can be 
described using a nomenclature standardised according 
to Parfitt et al. [9].

Parameters computed from micro-CT are usually used 
as a standard reference for the analysis of bone micro-
architecture [8]. Due to the small imaging volume, high 
radiation dose and long imaging time inherent in these 
scans, micro-CT is only feasible for bone specimens and 
small, sedated research animals. HR-pQCT can be used 
for in vivo analysis of bone microstructure in the extrem-
ities [10, 15]. Previous studies using HR-pQCT data 
showed that deficits in trabecular and cortical bone den-
sity and structure are independent factors when assess-
ing the future fracture risk in older women and men [16]. 
Besides HR-pQCT, dCBCT has shown promising results 
in this field [11, 12]. In addition, dCBCT can be used to 
scan the jaw and, with modifications, the extremities [17].

EID-CT is used to examine osteoporotic fractures of 
central body parts like the hip and spine [13]. EID-CT 
scanners have detector pixels that range in size from 0.5 
to 0.625 mm at the isocentre, resulting in a low spatial 
resolution, making the analysis of bone microstructure 
difficult. Bone microstructure analyses based on EID-
CT data may therefore result in severe overestimations 
of trabecular bone structure parameters [18]. Moreover, 
EID-CT has shown weaker correlations with micro-CT 
than HR-pQCT and dCBCT in regard to certain bone 
structure parameters like trabecular thickness (Tb.Th) 
and bone volume over total volume (BVTV) [12, 19, 20].

PCD-CT is a new technology that uses small detector 
elements registering individual photon interactions. The 

benefits of PCD-CT are higher spatial resolution and 
better contrast [21, 22]. Compared to EID-CT, it better 
suppresses electronic noise and improves the imaging of 
small structures [23, 24]. The PCD-CT used in this study 
had a detector pixel size of 0.25 mm at the isocentre; the 
same detector and geometry were used in reference [25]. 
A larger reconstruction matrix is typically used to uti-
lise the higher spatial resolution of PCD-CT when com-
pared to EID-CT. Its use has been shown to improve the 
assessment of small structures related to lung disease and 
affects the analysis of bone microstructures favourably 
[26, 27]. Given the importance of bone microstructure 
for overall bone strength, one important remaining ques-
tion is whether the increased resolution and decreased 
noise of PCD-CT is adequate to allow such an analysis.

The aim of this in vitro study is, therefore, to evaluate if 
the emerging PCD-CT technique may be used for meas-
urements of trabecular bone structure by scanning cubic 
sections of human cadaveric wrist specimens in both one 
EID-CT and one PCD-CT. Images provided by the two 
scanners were quantitatively compared; the focus was on 
structure parameters known to influence bone strength. 
Micro-CT was used as a reference method.

Methods
Material
The specimens used in this in vitro study consisted of 14 
nearly cubic bone pieces from cadaveric human wrists 
donated for medical research at the University of Califor-
nia in compliance with the prevailing ethical guidelines. 
All specimens have been used in previous studies [11, 
20]. The specimens had sides of 12−15 mm, at least one 
of which consisted of cortical bone. The specimens were 
chemically defatted and stored in individual tap water-
filled test tubes at room temperature. Multiple repeated 
scans in a dCBCT (Accuitomo 80, J. Morita Mfg. Corp., 
Kyoto, Japan) with the same examination protocol and 
method for analysis were made multiple years apart to 
test the durability of the specimens and the reproduc-
ibility of the analysis [28]. During scanning, the test tubes 
were placed inside a paraffin cylinder with a diameter of 
100 mm to mimic the forearm with soft tissue surround-
ing the bone.

Scanning protocols
Scanning protocols used on both the PCD-CT and EID-
CT scanners were the ones recommended by the man-
ufacturer for imaging the inner- and middle-ear bone 
structures, although using higher tube current-time 
product (mAs) settings. For the PCD-CT, the highest 
mAs available was used. For the EID-CT, both the high-
est available mAs and the mAs that achieved the same 
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CTDIvol as the PCD-CT were used. Details of the scan 
and reconstruction parameters can be seen in Table 1.

The PCD-CT scanner used in this study was a research 
prototype SOMATOM Count Plus (Siemens Health-
ineers, Erlangen, Germany). Each specimen was recon-
structed with three different combinations of field of 
view (FOV) and matrix size, which resulted in an intra-
slice pixel size of 50 μm, 15 μm and 8.8 μm, respectively. 
The slice width was 200 μm, and the slice increment was 
50 μm.

The EID-CT scans were acquired using a SOMATOM 
Force scanner (Siemens Healthineers, Erlangen, Ger-
many) using the InnerEar UHR protocol. EID-CT data 
sets were reconstructed with a matrix of 512 × 512, FOV 
of 51 mm, slice width of 400 μm and slice increment of 
100 μm with three different kernels, UR73 Admire 3, 
UR77 Admire 3 and UR81 Admire 3.

Data acquired with a SkyScan 1,176 micro-CT scan-
ner (Bruker micro-CT, Kontich, Belgium) were used as 
reference. The scanning parameters were tube voltage of 
65 kVp, tube current of 385 μA and 1-mm aluminium fil-
ter for beam hardening. The FOV was adapted to every 
specimen, and the acquisition time was approximately 2 
h per sample.

Data processing, segmentation and analysis of structure 
parameters
The PCD-CT data at 15 and 8.8 μm were downsampled 
to a voxel size of 50 μm (matching the slice increment) 
using cubic interpolation to achieve isotropic voxels. The 
PCD-CT and EID-CT volumes were manually registered 
to the micro-CT volumes in a two-step process using the 
registration manual module in MeVisLab (MeVis Medi-
cal Solutions AG, Bremen, Germany) to identify the same 
volumes of interest for the different scanners. For seg-
mentation of the PCD-CT and EID-CT data, an in-house 
developed implementation of the automated region 
growing (ARG) algorithm that requires no manual inter-
vention was used, as described in previous publications 
[29, 30]. The micro-CT data were segmented using Otsu 
thresholding [31]. Histograms of the scaled intensity for 
the final segmentation of the same specimen were calcu-
lated for each modality in Matlab version R2020a Update 
3 (Mathworks, Portola Valley, USA) after normalising 
the mean and standard deviation of the segmented back-
ground (mean of 0 and standard deviation of 500).

The following bone structure parameters were calcu-
lated in 3D for each volume from the binary, segmented 
data:

•	 Bone volume over total volume (BVTV): the fraction 
(%) of the total number of voxels in the analysed vol-
ume segmented as bone

•	 Trabecular thickness (Tb.Th): the width (mm) of the 
trabeculae; it was calculated as described in [32].

•	 Trabecular separation (Tb.Sp): the minimum dis-
tance (mm) between the edges of neighbouring tra-
beculae; it is calculated using the same method as Tb. 
Th on the inverted segmentation masks.

•	 Trabecular spacing (Tb.Sc): the minimum distance 
(mm) between the midlines of neighbouring trabecu-
lae; it was calculated using the same method as for 
Tb. Sp but with the inverted skeleton of the bone 
(centre of the bone structures) as the input instead of 
the segmented bone (we computed Tb.Sc instead of 
the more commonly used trabecular number (Tb.N), 
which is the reciprocal of Tb.Sc, because unlike 
Tb.N, Tb.Sc shares the same unit with Tb.Th and 
Tb.Sp, which eases the comparisons).

•	 Trabecular nodes (Tb.Nd): the number of voxels clas-
sified as a node in the trabecular network divided by 
the volume of the analysed volume in cubic millime-
tres (mm3). The nodes are defined as intersections in 
the skeleton of the bone.

BVTV and Tb.Nd are only defined as a single measure 
for the entire volume. On the other hand, the method 
used for calculating Tb.Th, Tb.Sp and Tb.Sc creates 3D 
local maps, and they therefore vary within each individ-
ual volume. The convention is to only present the mean 
for the entire volume (over all voxels). To better represent 
these parameters, we have chosen to also present a meas-
ure of the dispersion within each volume called s(Tb.Th), 
s(Tb.Sp) and s(Tb.Sc). These are the standard deviations 
of the 3D local map for each of the three parameters.

Furthermore, we also used the contrast-to-noise (CNR) 
ratio (unitless) to compare the different modalities. For 
each bone sample, the CNR was calculated as the dif-
ference in mean intensity between foreground and 
background divided by the standard deviation of the 
background. The skeletonised representation of the bone 
was used as the foreground signal, and the skeletonised 
representation of the water was used as the background 
signal.

In summary, we computed BVTV, Tb.Th, s(Tb.Th), 
Tb.Sp, s(Tb.Sp), Tb.Sc, s(Tb.Sc), Tb.Nd and CNR.

Statistical analysis
To test for normality, we used the Shapiro-Wilk test in R 
version 4.0.2 (R Foundation, Indianapolis, USA). Spear-
man rank correlations with p-values for PCD-CT versus 
micro-CT and EID-CT versus micro-CT were calculated 
using corr in Matlab version R2020a Update 3 (Math-
works, Portola Valley, USA). Median, 1st and 3rd quar-
tile were calculated for each modality and structural 
parameter.
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Visual presentation
Slices along the axial (xy) and coronal (xz) plane were 
extracted for one specimen from each modality after 
registration in MeVisLab (MeVis Medical Solutions AG, 
Bremen, Germany). For the same specimen, the 3D local 
maps for Tb.Th were extracted from the Matlab code and 
colour graded with the minimum value represented as 
blue, maximum as red and the midpoint between maxi-
mum and minimum as green.

Results
Test for normality and descriptive statistics
Normality testing of the analysed structure parameters 
resulted in the rejection of the normality hypothesis (p 
< 0.05) for s(Tb.Sc) (p = 0.003–0.023) and s(Tb.Sp) (p = 
0.009–0.017) for the EID-CT and PCD-CT. For micro-
CT, it resulted in p < 0.05 for the same parameters and 
also for Tb.Sc and Tb.Sp (p = 0.046, 0.029, 0.015, and 
0.013, respectively).

Both the PCD-CT and EID-CT overestimated BVTV 
compared to micro-CT. The median of the EID-CT was 
3.8 to 3.9 times that of micro-CT, and for PCD-CT, the 
same values were 3.6 to 3.7 (Table  2). The same could 
be seen for Tb.Th, where the EID-CT overestimated the 
parameter by a factor of 3.6 to 3.8 and the PCD-CT by 
a factor of 3.2. On the other hand, Tb.Nd was underes-
timated by both EID-CT and PCD-CT; EID-CT under-
estimated it by a factor of 10.8 to 11.9 and PCD-CT by 
a factor of 6.7 to 6.9. The other structural parameters 
showed values that were almost in the same range as the 
micro-CT.

The highest CNR was observed for the micro-CT at 25 
followed by the PCD-CT at 7.7 to 8.1. The EID-CT had a 
CNR at 5.9 to 6.5. For the PCD-CT, the combination of a 
FOV of 51 mm and a matrix size of 1,024 × 1,024 (PCD-
CT 51) showed the highest CNR (see Table 2).

Correlations
Scatterplots for each structure parameter are shown in 
Fig. 1, and correlation coefficients (ρ) are given in Table 3. 
The PCD-CT showed correlation (ρ) with micro-CT for 
trabecular bone structure parameters between 0.44 and 
0.98 The lowest correlation was found for s(Tb.Th) at ρ 
= 0.44, which was not statistically significant (p = 0.116). 
The highest correlation was found for BVTV followed 
by Tb.Nd; both showed correlations with micro-CT ρ ≥ 
0.95. Changing the combination of FOV and matrix size 
resulted in minor differences in correlations. The EID-CT 
had correlations that ranged from ρ = -0.04 to ρ = 0.98. 
At the higher radiation dose, the EID-CT showed higher 
correlations (ρ) to micro-CT using the Ur81 kernel, while 
Ur77 showed higher correlations at the lower radiation 
dose protocol. Thus, for each dose level, data for the ker-
nel yielding the highest correlation values are given in 
Table 3.

Visual presentation
As seen in Fig.  2, the PCD-CT scans show less defined 
edges in the z direction when compared to the x or y 
direction. One can also see in the same figure that the dif-
ference is even more pronounced in the EID-CT.

As shown in Fig.  3, the thickness maps are consistent 
between the modalities; areas of high thickness for one 

Table 2  Descriptive statistics for the eight structure parameters and CNR

Data are presented as median (1st quartile, 3rd quartile)

BVTV Bone volume fraction, CNR Contrast-to-noise ratio, EID-CT Multislice computed tomography using energy-integrating detectors, Micro-CT Micro-computed 
tomography, PCD-CT Multislice computed tomography using photon-counting detectors, Tb.Nd Trabecular nodes, Tb.Th Trabecular thickness, Tb.Sc Trabecular spacing, 
Tb.Sp Trabecular separation. s(Tb.Th), s(Tb.Sc) and s(Tb.Sp) are the intra-volume standard deviation for Tb.Th, Tb.Sc and Tb.Sp, respectively. The numbers after the type 
of scanner correspond to the field of view in mm (PCD-CT) and quality reference tube load in mAs (EID-CT)

Scanner Average measures Dispersion measures

BVTV Tb.Th Tb.Sc Tb.Sp Tb.Nd CNR s(Tb.Th) s(Tb.Sc) s(Tb.Sp)

PCD-CT2 51 0.32 0.45 1.16 0.79 1.36 8.07 0.15 0.46 0.37

(0.27; 0.36) (0.43; 0.46) (1.08; 1.30) (0.68; 0.88) (1.06; 1.71) (6.89; 9.56) (0.14; 0.16) (0.39; 0.54) (0.31; 0.45)

PCD-CT2 30 0.32 0.44 1.16 0.79 1.39 7.73 0.15 0.46 0.37

(0.27; 0.36) (0.43; 0.45) (1.07; 1.30) (0.68; 0.88) (1.10; 1.77) (6.55; 9.31) (0.14; 0.16) (0.40; 0.54) (0.30; 0.46)

PCD-CT2 18 0.33 0.45 1.15 0.78 1.39 7.94 0.15 0.46 0.36

(0.28; 0.37) (0.43; 0.46) (1.06; 1.29) (0.67; 0.87) (1.08; 1.76) (6.44; 9.16) (0.15; 0.16) (0.38; 0.53) (0.30; 0.46)

EID-CT1 1000 0.34 0.50 1.20 0.85 0.86 6.45 0.13 0.44 0.35

(0.28; 0.37) (0.48; 0.50) (1.12; 1.34) (0.75; 0.94) (0.64; 1.07) (5.34; 7.05) (0.12; 0.14) (0.38; 0.52) (0.31; 0.44)

EID-CT1 600 0.35 0.53 1.23 0.85 0.78 5.93 0.15 0.45 0.35

(0.30; 0.39) (0.52; 0.54) (0.16; 0.36) (0.76; 0.94) (0.60; 0.97) (4.95; 6.39) (0.14; 0.16) (0.40; 0.51) (0.32; 0.46)

Micro-CT 0.09 0.14 1.07 0.91 9.32 24.94 0.06 0.30 0.27

(0.07; 0.12) (0.13; 0.16) (0.86; 1.17) (0.73; 1.04) (6.78; 11.04) (21.44; 26.50) (0.05; 0.06) (0.24; 0.36) (0.22; 0.32)
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modality correspond to areas of high thickness for the 
other modalities.

Contrast and segmentation evaluation
Stacked histograms of the scaled intensity after segmen-
tation to bone and background are presented in Fig.  4, 
where the EID-CT and PCD-CT data were segmented 
using the ARG algorithm, while micro-CT data were seg-
mented using Otsu thresholding. The micro-CT demon-
strates a clear separation between bone and background 
with two distinct distributions. EID-CT and PCD-CT, 
on the other hand, show distributions that are not 
clearly separated. Interestingly, one can see that the ARG 

algorithm yields a smooth transition between the back-
ground and bone distributions over a range of intensity 
values.

Discussion
In this in vitro study, PCD-CT produced results that 
make the technique potentially promising for imag-
ing and analysing bone microstructure. Regardless of 
the used reconstruction parameters, correlations with 
micro-CT showed ρ ≥ 0.7 for six of the eight measured 
bone structure parameters indicating a high correlation 
[33]. In turn, at the same radiation dose, the EID-CT 
had only four parameters with correlations showing 
ρ ≥ 0.7. The PCD-CT had three correlations ρ ≥ 0.9, 
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Fig. 1  Scatterplots of bone structure parameters. *For each specimen, solid line for the fitted linear model, dashed line for the 95% confidence 
intervals of the fitted linear model. Multislice computed tomography using energy-integrating detectors (EID-CT) is coloured red, while multislice 
computed tomography using photon-counting detectors (PCD-CT) is coloured black. For the PCD-CT, the combination of a field of view of 51 mm 
and a matrix of 1024 × 1024 was chosen and for the EID-CT the mAs setting with the same CTDIvol as the PCD-CT was used. BVTV Bone volume 
fraction, Micro-CT Micro-computed tomography, Tb.Th Trabecular thickness, Tb.Nd Trabecular nodes, Tb.Sc Trabecular spacing, Tb.Sp Trabecular 
separation. Parameter for the average of each specimen and s(parameter) for the dispersion measure
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Table 3  Spearman rank correlation with micro-CT: coefficients with 95% confidence intervals for the eight analysed structure 
parameters

Bold numbers indicate the highest correlation for each parameter. BVTV Bone volume fraction, EID-CT Multislice computed tomography using energy-integrating 
detectors (1), PCD-CT Multislice computed tomography using photon-counting detectors (2), Tb.Nd Trabecular nodes, Tb.Th Trabecular thickness, Tb.Sc Trabecular 
spacing, Tb.Sp Trabecular separation. s(Tb.Th), s(Tb.Sc) and s(Tb.Sp) are the intra-volume standard deviation for Tb.Th, Tb.Sc and Tb.Sp, respectively. The numbers after 
the type of scanner correspond to the field of view in mm (PCD-CT) and quality reference tube load in mAs (EID-CT)

Scanner Average measures Dispersion measures

BVTV Tb.Th Tb.Sc Tb.Sp Tb.Nd s(Tb.Th) s(Tb.Sc) s(Tb.Sp)

PCD-CT2 51 0.98 0.92 0.83 0.84 0.95 0.44 0.67 0.81 
(0.94; 0.99) (0.75; 0.97) (0.53; 0.94) (0.56; 0.95) (0.84; 0.98) (−0.12; 0.79) (0.22; 0.89) (0.48; 0.94)
p< 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p = 0.116 p = 0.010 p= 0.001

PCD-CT2 30 0.98 0.93 0.85 0.87 0.96 0.49 0.71 0.81 
(0.94; 0.99) (0.79; 0.98) (0.59; 0.95) (0.64; 0.96) (0.89; 0.99) (−0.05; 0.81) (0.30; 0.90) (0.48; 0.94)
p< 0.001 p< 0.001 p< 0.001 p< 0.001 p< 0.001 p= 0.078 p= 0.006 p= 0.001

PCD-CT2 18 0.98 0.92 0.83 0.87 0.95 0.46 0.71 0.81 
(0.94; 0.99) (0.75; 0.97) (0.54; 0.95) (0.64; 0.96) (0.85; 0.98) (−0.09; 0.80) (0.29; 0.90) (0.48; 0.94)
p< 0.001 p < 0.001 p < 0.001 p< 0.001 p < 0.001 p = 0.097 p = 0.006 p= 0.001

EID-CT1 1000 0.98 0.77 0.81 0.77 0.95 −0.04 0.69 0.76

(0.94; 0.99) (0.40; 0.92) (0.49; 0.94) (0.40; 0.92) (0.85; 0.98) (−0.56; 0.50) (0.25; 0.89) (0.38; 0.92)

p< 0.001 p = 0.001 p = 0.001 p = 0.002 p < 0.001 p = 0.892 p = 0.008 p = 0.002

EID-CT1 600 0.97 0.64 0.83 0.80 0.88 −0.04 0.66 0.70

(0.90; 0.99) (0.17; 0.88) (0.54; 0.95) (0.46; 0.93) (0.66; 0.96) (−0.56; 0.50) (0.19; 0.88) (0.26; 0.90)

p < 0.001 p = 0.015 p < 0.001 p < 0.001 p < 0.001 p = 0.892 p = 0.013 p = 0.007

Fig. 2  Slices from the different devices used in the study in the xy-plane and xz-plane (x horizontally in both planes). For the multislice computed 
tomography using photon-counting detectors (PCD-CT), the combination of a field of view of 51 mm and a matrix of 1,024 × 1,024 was chosen 
and for the multislice computed tomography using energy-integrating detectors (EID-CT) the mAs setting with the same CTDIvol as the PCD-CT 
was used. The PCD-CT and EID-CT slices are presented as they were scanned without any rotation applied, while the micro-CT has been registered 
to the PCD-CT volume. Micro-CT Micro-computed tomography



Page 8 of 10Klintström et al. European Radiology Experimental            (2022) 6:31 

indicating a very high correlation, while the EID-CT 
with equivalent dose had a correlation ρ ≥ 0.9 only for 
BVTV. The highest correlations with micro-CT were 
found for FOV 30 mm and matrix 2,048 × 2,048, where 
all but one parameter, s(Tb.Th), had correlations ρ ≥ 
0.7. PCD-CT tends to overestimate the amount of bone 
and trabecular thickness and underestimate the num-
ber of intersections of the trabecular network (Tb.Nd) 
(see Table 2), however, to a lesser extent than the EID-
CT. Also, compared to other clinically available devices 
like dCBCT and HR-pQCT, PCD-CT performs well for 
microstructure analysis when used in conjunction with 
our segmentation method [28].

At the moment, imaging of the distal tibia and radius 
using HR-pQCT devices is the most validated clinically 
available method for in vivo analysis of trabecular micro-
structure [34, 35]. The correlation with micro-CT as 
well as amount of over-/underestimation varies depend-
ing on the bone structure parameter analysed [36]. One 

drawback of HR-pQCT, however, is the low number of 
devices available for clinical use. A device type that is 
more widely spread and has shown promise for the anal-
ysis of trabecular microstructure is dCBCT, which can 
be used to scan the jaw and, with special adaptations, the 
wrist [17, 37]. The actual resolution and reconstructed 
voxel size is about the same for HR-pQCT and dCBCT, 
and they have shown similar correlations with micro-CT 
[28]. Imaging of the hip or spine is, however, not possible 
with either of these techniques. For EID-CT units, the 
detector pixel sizes are about 0.5 to 0.625 mm at the iso-
centre, limiting their resolution.

The PCD-CT used in this study has smaller pixels, at 
0.25 mm at the isocentre, enabling a higher actual res-
olution. Previous studies have shown that the average 
trabecular thickness is about 100 μm in humans [38]. 
The differences observed in this study are therefore 
mostly likely partly explained by the smaller pixels of 
the PCD-CT, combined with PCD-CT’s inherent ability 

Fig. 3  Three-dimensional map of trabecular thickness (Tb.Th) within one of the analysed specimens. For the multislice computed tomography 
using photon-counting detectors (PCD-CT), the combination of a field of view of 51 mm and a matrix of 1,024 × 1,024 was chosen and for the 
multislice computed tomography using energy-integrating detectors (EID-CT) the mAs setting with the same CTDIvol as the PCD-CT was used. The 
colour scale was adjusted so that the minimum and maximum values for each modality were represented by pure blue and red, respectively, with 
the midpoint between them being represented by pure green. Micro-CT Micro-computed tomography
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Fig. 4  Stacked histogram of scaled intensity for the voxels segmented as bone and background for one of the bone specimens. For multislice 
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(EID-CT) data, the segmentation was achieved by the automated region growing algorithm, while the micro-CT data was segmented using Otsu 
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to suppress electronic noise. However, the slice thick-
ness of 200 μm will still result in voxels that consist of 
a mix of bone and background, due to the partial vol-
ume effect, which might affect the ability to analyse tra-
becular bone microstructure. The increment of 50 μm 
used in this study could have counteracted this to some 
degree, but the resolution would still have been limited 
by the slice thickness (Fig. 2). It was not possible to scan 
and reconstruct at a smaller slice thickness than 200 μm 
with the prototype PCD-CT used in this study. Since 
whole-body PCD-CT is still under development, we 
expect that in the future, one could possibly decrease 
the slice thickness even further, hopefully to the same 
size or smaller than the thickness of trabeculae.

There are certain limitations to this study. First, the 
number of bone specimens are rather limited. However, 
these specimens have been scanned and analysed many 
times, both repeatedly in the same dCBCT with the same 
protocol to verify reproducibility and in multiple differ-
ent devices using different protocols and segmentation 
methods. This consistent approach enables compari-
sons with earlier published results [11, 20, 28, 39]. The 
PCD-CT and EID-CT protocols used here were those 
recommended by the vendor for imaging of inner- and 
middle-ear structures changed to use the highest pos-
sible tube current-time product (mAs) available. Earlier 
studies of the tiny bone structures in the inner ear have 
shown the possibility of using a lower radiation dose with 
PCD-CT compared with EID-CT while preserving the 
image quality [24, 40]. In this study, we found that even at 
a higher radiation dose, the EID-CT could not match the 
performance of the PCD-CT. We plan to further study 
the impact of radiation dose and other imaging param-
eters on the analysis of bone microstructure using PCD-
CT before fully assessing its potential for in vivo imaging.

If the results of this study and the strong correlations 
found for PCD-CT with micro-CT are replicated by 
future in vivo studies, this might enable analysis of bone 
microstructure in a clinical workflow. Since multislice 
CT is used in the clinical workflow of fractures, this 
could enable opportunistic screening for pathological 
bone microstructure changes [41, 42]. Since PCD-CT 
is capable of energy resolution (i.e., the ability to meas-
ure the energy of each detected x-ray photon [22]), this 
could enable combined bone density and bone micro-
structure analysis potentially revolutionising diagnosis 
and management of osteoporosis.

In conclusion, strong correlations were found 
between trabecular bone structure parameters com-
puted from PCD-CT data and micro-CT under simu-
lated in vivo conditions. This suggests that PCD-CT 
might be useful for analysing bone microstructure in 
the peripheral human skeleton.

Abbreviations
3D: Three dimensional; ARG​: Automated region growing; BVTV: Bone volume 
over total volume; CNR: Contrast-to-noise ratio; CT: Computed tomography; 
CTDIvol: CT dose index volume; dCBCT: Dental cone beam CT; EID-CT: Energy-
integrating detector CT; FOV: Field of view; HR-pQCT: High-resolution periph-
eral quantitative CT; PCD-CT: Photon-counting detector CT; Tb.N: Trabecular 
number; Tb.Nd: Trabecular nodes; Tb.Sc: Trabecular spacing; Tb.Sp: Trabecular 
separation; Tb.Th: Trabecular thickness.

Acknowledgements
The authors are grateful to Torkel Brismar at the Karolinska University Hospital, 
Huddinge, for kindly providing the specimens and to Britt-Marie Andersson at the 
Uppsala University for the μCT scans. We are also grateful for the support from the 
Siemens Healthineers regarding the use of the research prototype PCD-CT.

Authors’ contributions
BK and EK conceptualised and designed the study protocol. EK and LH 
scanned the specimens and reconstructed the data. BK did the primary 
analysis and wrote the first draft. All authors have contributed to the final 
manuscript. The authors read and approved the final manuscript.

Funding
Research funding was obtained from ALF Grants RÖ-936170, Region Östergöt-
land. Open access funding provided by Royal Institute of Technology.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The human wrists were donated for medical research at the University of 
California in compliance with the prevailing ethical guidelines.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Biomedical Engineering and Health Systems, KTH Royal Insti-
tute of Technology, Hälsovägen 11C, SE‑14157 Huddinge, Sweden. 2 Center 
for Medical Image Science and Visualization (CMIV), Linköping University, 
SE‑58185 Linköping, Sweden. 3 Department of Radiology and Depart-
ment of Health, Medicine and Caring Sciences, Linköping University, 
SE‑58185 Linköping, Sweden. 4 Radiation Physics, Department of Health, Medi-
cine and Caring Sciences, Linköping University, SE‑58183 Linköping, Sweden. 

Received: 23 April 2022   Accepted: 23 May 2022

References
	1.	 Raisz LG (2005) Pathogenesis of osteoporosis: concepts, conflicts, and 

prospects. J Clin Invest 115:3318–3325. https://​doi.​org/​10.​1172/​JCI27​071
	2.	 Kleerekoper M, Villanueva AR, Stanciu J et al (1985) The role of three-

dimensional trabecular microstructure in the pathogenesis of vertebral 
compression fractures. Calcif Tissue Int 37:594–597. https://​doi.​org/​10.​
1007/​BF025​54913

	3.	 Augat P, Schorlemmer S (2006) The role of cortical bone and its micro-
structure in bone strength. Age Ageing 35:ii27–ii31. https://​doi.​org/​10.​
1093/​ageing/​afl081

	4.	 Johnell O, Kanis J (2005) Epidemiology of osteoporotic fractures. Osteo-
poros Int 16:S3–S7. https://​doi.​org/​10.​1007/​s00198-​004-​1702-6

https://doi.org/10.1172/JCI27071
https://doi.org/10.1007/BF02554913
https://doi.org/10.1007/BF02554913
https://doi.org/10.1093/ageing/afl081
https://doi.org/10.1093/ageing/afl081
https://doi.org/10.1007/s00198-004-1702-6


Page 10 of 10Klintström et al. European Radiology Experimental            (2022) 6:31 

	5.	 Jonsson E, Hansson-Hedblom A, Ljunggren et al (2018) A health eco-
nomic simulation model for the clinical management of osteoporosis. 
Osteoporos Int 29:545–555. https://​doi.​org/​10.​1007/​s00198-​017-​4325-4

	6.	 Greco EA, Pietschmann P, Migliaccio S (2019) Osteoporosis and sarcope-
nia increase frailty syndrome in the elderly. Front Endocrinol (Lausanne) 
10. https://​doi.​org/​10.​3389/​fendo.​2019.​00255

	7.	 Dalle Carbonare L, Giannini S (2004) Bone microarchitecture as an impor-
tant determinant of bone strength. J Endocrinol Investig 27:99–105. 
https://​doi.​org/​10.​1007/​bf033​50919

	8.	 Thomsen JS, Laib A, Koller B et al (2005) Stereological measures of tra-
becular bone structure: comparison of 3D micro computed tomography 
with 2D histological sections in human proximal tibial bone biopsies. J 
Microsc 218:171–179. https://​doi.​org/​10.​1111/j.​1365-​2818.​2005.​01469.x

	9.	 Parfitt AM (1988) Bone histomorphometry: standardization of nomencla-
ture, symbols and units (summary of proposed system). Bone 9:67–69. 
https://​doi.​org/​10.​1016/​8756-​3282(88)​90029-4

	10.	 Boutroy S, Bouxsein ML, Munoz F, Delmas PD (2005) In vivo assessment 
of trabecular bone microarchitecture by high-resolution peripheral quan-
titative computed tomography. J Clin Endocrinol Metab 90:6508–6515. 
https://​doi.​org/​10.​1210/​jc.​2005-​1258

	11.	 Klintström E, Smedby, Klintström B et al (2014) Trabecular bone histomor-
phometric measurements and contrast-to-noise ratio in CBCT. Dentomax-
illofacial Radiol 43:20140196. https://​doi.​org/​10.​1259/​dmfr.​20140​196

	12.	 Van DJ, Nicolielo LFP, Huang Y et al (2017) Accuracy and reliability of dif-
ferent cone beam computed tomography (CBCT) devices for structural 
analysis of alveolar bone in comparison with multislice CT and micro-CT. 
Eur J Oral Implantol 10:95–105

	13.	 Wang P, She W, Mao Z et al (2021) Use of routine computed tomography 
scans for detecting osteoporosis in thoracolumbar vertebral bodies. 
Skeletal Radiol 50:371–379. https://​doi.​org/​10.​1007/​s00256-​020-​03573-y

	14.	 Bette SJ, Braun FM, Haerting M et al (2021) Visualization of bone details 
in a novel photon-counting dual-source CT scanner—comparison 
with energy-integrating CT. Eur Radiol. https://​doi.​org/​10.​1007/​
s00330-​021-​08441-4

	15.	 Whittier DE, Boyd SK, Burghardt AJ et al (2020) Guidelines for the 
assessment of bone density and microarchitecture in vivo using high-
resolution peripheral quantitative computed tomography. Osteoporos 
Int 31:1607–1627. https://​doi.​org/​10.​1007/​s00198-​020-​05438-5

	16.	 Samelson EJ, Broe KE, Xu H et al (2019) Cortical and trabecular bone 
microarchitecture as an independent predictor of incident fracture risk 
in older women and men in the Bone Microarchitecture International 
Consortium (BoMIC): a prospective study. Lancet Diabetes Endocrinol 
7:34–43. https://​doi.​org/​10.​1016/​S2213-​8587(18)​30308-5

	17.	 De Cock J, Mermuys K, Goubau J et al (2012) Cone-beam computed 
tomography: a new low dose, high resolution imaging technique of 
the wrist, presentation of three cases with technique. Skeletal Radiol 
41:93–96. https://​doi.​org/​10.​1007/​s00256-​011-​1198-z

	18.	 Issever AS, Link TM, Kentenich M et al (2010) Assessment of trabecular 
bone structure using MDCT: comparison of 64- and 320-slice CT using 
HR-pQCT as the reference standard. Eur Radiol 20:458–468. https://​doi.​
org/​10.​1007/​s00330-​009-​1571-7

	19.	 Klintström E, Smedby Ö, Moreno R, Brismar TB (2014) Trabecular bone 
structure parameters from 3D image processing of clinical multi-slice and 
cone-beam computed tomography data. Skeletal Radiol 43:197–204. 
https://​doi.​org/​10.​1007/​s00256-​013-​1766-5

	20.	 Guha I, Klintström B, Klintström E et al (2020) A comparative study of 
trabecular bone micro-structural measurements using different CT 
modalities. Phys Med Biol 65. https://​doi.​org/​10.​1088/​1361-​6560/​abc367

	21.	 Leng S, Bruesewitz M, Tao S et al (2019) Photon-counting detector CT: 
system design and clinical applications of an emerging technology. 
Radiographics 39:729–743. https://​doi.​org/​10.​1148/​rg.​20191​80115

	22.	 Willemink MJ, Persson M, Pourmorteza A et al (2018) Photon-counting 
CT: technical principles and clinical prospects. Radiology 289:293–312. 
https://​doi.​org/​10.​1148/​radiol.​20181​72656

	23.	 McCollough CH (2019) Computed tomography technology - and dose - 
in the 21st century. Health Phys 116:157–162. https://​doi.​org/​10.​1097/​HP.​
00000​00000​000997

	24.	 Zhou W, Lane JI, Carlson ML et al (2018) Comparison of a photon-count-
ing-detector CT with an energy-integrating-detector CT for temporal 
bone imaging: a cadaveric study. AJNR Am J Neuroradiol 39:1733–1738. 
https://​doi.​org/​10.​3174/​ajnr.​A5768

	25.	 Leng S, Yu Z, Halaweish A et al (2016) Dose-efficient ultrahigh-resolution 
scan mode using a photon counting detector computed tomography 
system. J Med Imaging 3:043504. https://​doi.​org/​10.​1117/1.​jmi.3.​4.​043504

	26.	 Hata A, Yanagawa M, Honda O et al (2018) Effect of matrix size on the 
image quality of ultra-high-resolution CT of the lung: comparison of 
512 × 512, 1024 × 1024, and 2048 × 2048. Acad Radiol 25:869–876. 
https://​doi.​org/​10.​1016/j.​acra.​2017.​11.​017

	27.	 Inai R, Nakahara R, Morimitsu Y et al (2020) Bone microarchitectural 
analysis using ultra-high-resolution CT in tiger vertebra and human tibia. 
Eur Radiol Exp 4. https://​doi.​org/​10.​1186/​s41747-​019-​0135-0

	28.	 Klintström E, Klintström B, Moreno R et al (2016) Predicting trabecular 
bone stiffness from clinical cone-beam CT and HR-pQCT data; an in vitro 
study using finite element analysis. PLoS One 11. https://​doi.​org/​10.​1371/​
journ​al.​pone.​01611​01

	29.	 Revol-Muller C, Peyrin F, Carrillon Y, Odet C (2002) Automated 3D region 
growing algorithm based on an assessment function. Pattern Recogn 
Lett 23:137–150. https://​doi.​org/​10.​1016/​S0167-​8655(01)​00116-7

	30.	 Petersson J, Brismar T, Smedby Ö (2006) Analysis of skeletal microstruc-
ture with clinical multislice CT. Lect Notes Comput Sci 4191 LNCS:880–
887. https://​doi.​org/​10.​1007/​11866​763_​108

	31.	 Otsu N (1979) Threshold selection method from gray-level histograms. 
IEEE Trans Syst Man Cybern SMC 9:62–66. https://​doi.​org/​10.​1109/​tsmc.​
1979.​43100​76

	32.	 Hildebrand T, Rüegsegger P (1997) A new method for the model-inde-
pendent assessment of thickness in three-dimensional images. J Microsc 
185:67–75. https://​doi.​org/​10.​1046/j.​1365-​2818.​1997.​13406​94.x

	33.	 Mukaka MM (2012) Statistics corner: a guide to appropriate use of cor-
relation coefficient in medical research. Malawi Med J 24:69–71

	34.	 Burrows M, Liu D, Perdios A et al (2010) Assessing bone microstructure at 
the distal radius in children and adolescents using HR-pQCT: a methodo-
logical pilot study. J Clin Densitom 13:451–455. https://​doi.​org/​10.​1016/j.​
jocd.​2010.​02.​003

	35.	 van den Bergh JP, Szulc P, Cheung AM et al (2021) The clinical applica-
tion of high-resolution peripheral computed tomography (HR-pQCT) in 
adults: state of the art and future directions. Osteoporos Int 32:1465–
1485. https://​doi.​org/​10.​1007/​s00198-​021-​05999-z

	36.	 Nishiyama KK, Shane E (2013) Clinical imaging of bone microarchitecture 
with HR-pQCT. Curr Osteoporos Rep 11:147–155. https://​doi.​org/​10.​1007/​
s11914-​013-​0142-7

	37.	 Posadzy M, Desimpel J, Vanhoenacker F (2018) Cone beam CT of the 
musculoskeletal system: clinical applications. Insights Imaging 9:35–45. 
https://​doi.​org/​10.​1007/​s13244-​017-​0582-1

	38.	 Tjong W, Kazakia GJ, Burghardt AJ, Majumdar S (2012) The effect of voxel 
size on high-resolution peripheral computed tomography measurements 
of trabecular and cortical bone microstructure. Med Phys 39:1893–1903. 
https://​doi.​org/​10.​1118/1.​36898​13

	39.	 Klintström B, Klintström E, Smedby Ö, Moreno R (2017) Feature space 
clustering for trabecular bone segmentation. In: Lecture Notes in Com-
puter Science (including subseries Lecture Notes in Artificial Intelligence 
and Lecture Notes in Bioinformatics). Springer 65–75. https://​doi.​org/​10.​
1007/​978-3-​319-​59129-2_6

	40.	 Rajendran K, Voss BA, Zhou W et al (2020) Dose reduction for sinus and 
temporal bone imaging using photon-counting detector CT with an 
additional tin filter. Invest Radiol 55:91–100. https://​doi.​org/​10.​1097/​RLI.​
00000​00000​000614

	41.	 Woisetschläger M, Klintström E, Spångeus A (2022) The impact of imag-
ing time and contrast agent dose on screening for osteoporosis with 
contrast-enhanced CT. Eur Radiol Exp 6:1–9. https://​doi.​org/​10.​1186/​
s41747-​021-​00259-5

	42.	 Pickhardt PJ, Graffy PM, Zea R et al (2020) Automated abdominal CT 
imaging biomarkers for opportunistic prediction of future major osteo-
porotic fractures in asymptomatic adults. Radiology 297:64–72. https://​
doi.​org/​10.​1148/​radiol.​20202​00466

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1007/s00198-017-4325-4
https://doi.org/10.3389/fendo.2019.00255
https://doi.org/10.1007/bf03350919
https://doi.org/10.1111/j.1365-2818.2005.01469.x
https://doi.org/10.1016/8756-3282(88)90029-4
https://doi.org/10.1210/jc.2005-1258
https://doi.org/10.1259/dmfr.20140196
https://doi.org/10.1007/s00256-020-03573-y
https://doi.org/10.1007/s00330-021-08441-4
https://doi.org/10.1007/s00330-021-08441-4
https://doi.org/10.1007/s00198-020-05438-5
https://doi.org/10.1016/S2213-8587(18)30308-5
https://doi.org/10.1007/s00256-011-1198-z
https://doi.org/10.1007/s00330-009-1571-7
https://doi.org/10.1007/s00330-009-1571-7
https://doi.org/10.1007/s00256-013-1766-5
https://doi.org/10.1088/1361-6560/abc367
https://doi.org/10.1148/rg.2019180115
https://doi.org/10.1148/radiol.2018172656
https://doi.org/10.1097/HP.0000000000000997
https://doi.org/10.1097/HP.0000000000000997
https://doi.org/10.3174/ajnr.A5768
https://doi.org/10.1117/1.jmi.3.4.043504
https://doi.org/10.1016/j.acra.2017.11.017
https://doi.org/10.1186/s41747-019-0135-0
https://doi.org/10.1371/journal.pone.0161101
https://doi.org/10.1371/journal.pone.0161101
https://doi.org/10.1016/S0167-8655(01)00116-7
https://doi.org/10.1007/11866763_108
https://doi.org/10.1109/tsmc.1979.4310076
https://doi.org/10.1109/tsmc.1979.4310076
https://doi.org/10.1046/j.1365-2818.1997.1340694.x
https://doi.org/10.1016/j.jocd.2010.02.003
https://doi.org/10.1016/j.jocd.2010.02.003
https://doi.org/10.1007/s00198-021-05999-z
https://doi.org/10.1007/s11914-013-0142-7
https://doi.org/10.1007/s11914-013-0142-7
https://doi.org/10.1007/s13244-017-0582-1
https://doi.org/10.1118/1.3689813
https://doi.org/10.1007/978-3-319-59129-2_6
https://doi.org/10.1007/978-3-319-59129-2_6
https://doi.org/10.1097/RLI.0000000000000614
https://doi.org/10.1097/RLI.0000000000000614
https://doi.org/10.1186/s41747-021-00259-5
https://doi.org/10.1186/s41747-021-00259-5
https://doi.org/10.1148/radiol.2020200466
https://doi.org/10.1148/radiol.2020200466

	Photon-counting detector CT and energy-integrating detector CT for trabecular bone microstructure analysis of cubic specimens from human radius
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Key points
	Background
	Methods
	Material
	Scanning protocols
	Data processing, segmentation and analysis of structure parameters
	Statistical analysis
	Visual presentation

	Results
	Test for normality and descriptive statistics
	Correlations
	Visual presentation
	Contrast and segmentation evaluation

	Discussion
	Acknowledgements
	References


