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Ultra-low dose CT for scaphoid fracture detection—a simulational 
approach to quantify the capability of radiation exposure reduction 
without diagnostic limitation
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Background: Modern CT might deliver higher image quality than necessary for fracture imaging, which 
would mean non-essential effective radiation exposure for patients. We simulated ultra-low dose (ULD)-CT 
at different dose levels and analyzed their diagnostic performance for scaphoid fracture detection.
Methods: 30 consecutive high quality CT with clinically suspected scaphoid fractures were assessed. ULD-
simulations were made at 20%, 10% and 5% of original dose. Three readers at different levels of experience 
(expert, moderate, inexperienced) expressed their diagnostic confidence (DC; 5-point-Likert-scale) and 
analyzed the presence and classification of scaphoid fractures within Krimmer’s and Herbert’s classifications. 
Effective radiation exposure of the original data sets and ULD-CT were calculated. 
Results: At 20% and 10% dose the more experienced readers reached perfect sensitivity (100%) 
and specificity (100%), showing perfect agreement regarding fracture classification (1.00). Diagnostic 
performance decreased at 5% dose (92.86% sensitivity, 100% specificity; expert reader). The inexperienced 
reader showed reduced sensitivity and specificity at all dose levels. At 10% dose minimal DC of all readers 
was 3/5 and mean calculated effective radiation exposure was 1.11 [±0.36] µSv.
Conclusions: The results suggest that ULD-CT at 10% dose compared to high quality CT might offer 
sufficient image quality to precisely detect and classify scaphoid fractures, if moderate experience of the 
radiologist is granted. 
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Introduction

The scaphoid plays a central role in the wrist movement by 
stabilizing the proximal carpal row (1). It is most commonly 
affected by fractures upon falls. Patients often present 
with localized pain, soft tissue swelling and restricted 
range of movement. In 1980, Cooney et al. postulated 
that for good fracture consolidation an early diagnosis 
including fragmentation pattern, sufficient blood supply and 
immobilization with stabilization are the most important 
factors that contribute to scaphoid fracture healing (2). 
Depending on the type of fracture a conservative or an 
operative approach is indicated to prevent nonunion and 
pseudarthrosis (3). Complications such as scaphoid nonunion 
or osteonecrosis of the proximal pole due to its retrograde 
blood supply or consequent instability is seen in 5% after 
fractures (4), thus accurate diagnosis and imaging is essential.

Scaphoid fractures have the reputation of being difficult 
to diagnose and often affecting young patients that may 
arguably suffer greater form unnecessary immobilization or 
misdiagnosis. Typically, when a scaphoid injury is suspected, 
several X-rays are taken including anterior-posterior, 
lateral view and Stecher method (or formerly often used 
scaphoid series comprising of a posterior-anterior, oblique, 
lateral and angled posterior-anterior projection) with each 
approximately 1 µSv effective dose (5). However, controversy 
exists in the literature on how to proceed consequently when 
and which cross sectional imaging technique to be best used 
in but it is clear that MRI or CT has improved diagnosis 
and classification of fractures (6,7). CT has shown higher 
sensitivity (ranging from 64–100%) in fracture detection 
especially in radiographically occult fractures (sensitivity 
of conventional radiography ranging from 50–94%) and 
enables the correct Herbert classification (7,8). Especially for 
the quantification of intra-articular displacements of fracture 
fragments (such as at the radius), CT scanning offers more 
reliability than conventional plain radiography (9).

CT diagnostic is not only initially important for surgeons 
in therapy planning (10) but arguably as important during 
the healing process in both conservatively treated and 
operated patients to allow early action and minimization of 
complications. 

The role of MRI and spectroscopy certainly have their 
place in diagnosis especially in occult, missed and more 
complex cases. MRI is used in indistinct fractures with the 
highest imaging sensitivity (range, 67–100%), however 
the advantages of CT with its broad availability, speed and 
generally limited contraindications explain its central role in 

musculoskeletal (MSK) trauma (7,9,11). 
A reduction of radiation dosage according to the ALARA 

principle (“as low as reasonably achievable) is essential in 
CT imaging whilst maintaining an acceptable image quality 
for the assessment of osseous structures. To generally reduce 
the radiation, scan parameters have been altered or post-
processing software used (12-15). The aim of this study 
was to evaluate the effect of simulation of dose reduction 
on fracture detection and classification at the scaphoid, 
and diagnostic confidence (DC), whilst correlating this to 
the readers’ experience in MSK radiology. The original 
CT scans of the patients were considered as the reference 
standard and the simulated ultra-low dose (ULD)-
CT images assessed inter-individually. We present the 
following article in accordance with the STARD reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-21-1196/rc).

Methods

This study was approved by the institutional review board 
of the Eberhard Karls University of Tuebingen (No. 
644/2020BO) and the need for written informed consent 
was waived for this retrospective analysis of clinically 
acquired CT data. The study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013).

Study population

From the patient population of a level 1 trauma center 
(BG trauma center Tuebingen) a convenient sample size 
of 30 consecutive patients was selected who had received 
a clinically indicated CT of the wrist for scaphoid fracture 
assessment between April 1st 2018 and July 31st and whose 
raw CT data files were still available. Exclusion criteria were 
metal implants in the scan field. 

Technical parameters of the high quality CT study protocol

CT image acquisition was performed on a 128-slice, 
single source CT (SOMATOM Definition Edge, Siemens 
Healthineers) using a high quality study protocol, which 
is eligible for patients with or without metal implants (see 
Table 1). No iterative image reconstruction was used. All 
patients were examined head first with the arm elevated 
lying next to the head, the elbow in extension and due to the 
patient’s condition preferably in prone position (superman 
position).

https://qims.amegroups.com/article/view/10.21037/qims-21-1196/rc
https://qims.amegroups.com/article/view/10.21037/qims-21-1196/rc
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Simulation of ULD-CT

ULD-CT simulations were generated using the raw CT 
data sets from the initial high quality CT with the dedicated 

software package ReconCT (Version 14.2.0.40998, 
Siemens Healthineers) similar to previous studies (14-17).  
Simulations were made at 20%, 10%, and 5% of the 
original dosage and were then compared to the original data 
sets (100% dose level). The software ReconCT essentially 
generates images with reduced effective radiation dose by 
adding noise to the raw data prior to the reconstruction 
process. Axial, parasagittal and paracoronal reconstructions 
were made at every dose level according to the current 
guidelines (18) with a field of view (FOV) of 50.0 mm × 
50.0 mm, slice thickness 0.4 mm, increment 0.3 mm, edge-
enhancing reconstruction kernel (B60), bone window 
with center/ width of 1,200/3,000 Hounsfield units (HU), 
respectively (Figure 1).

Table 1 High quality CT study protocol for wrist examinations

Tube voltage: 120 kV

Tube current: 180 mAs

Pitch: 0.85

Rotation time: 1.0 s (flying focal spot)

Collimation: 16 mm × 0.3 mm

Slice thickness: 0.4 mm

Figure 1 Illustration of the high quality scaphoid CT study protocol (100%) and simulated ultra-low dose CT (dose level 20%, 10% and 5%) 
in a 27-year old male patient with a scaphoid fracture. Cor, coronal; Sag, sagittal; Ax, axial.

100%

Cor

Sag

Ax

20% 10% 5%
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Estimation of the effective radiation dose

According to the AAPM (American Association of 
Physicists in Medicine) Report 204 (19) to account for size 
differences of the CT phantom and patient volume the 
size specific dose estimates (SSDE) were calculated from 
computed tomography dose index (CTDIvol) and the mean 
diameters of the scanned area, both anterior-posterior and 
lateral. Standardized measuring points were the distal end 
of the distal radio-ulnar joint, the distal end of the scapho-
lunate joint, and the distal end of the carpo-metacarpal 1 
joint. A conversion factor was calculated for effective dose 
per local dose (SSDE) and volume using CT-Expo (Version 
2.7, Georg Stamm and Hans Dieter Nagel, Hannover, 
Germany) in order to estimate the effective radiation 
exposure at the lower extremities. Assuming that the tissue 
structure of the wrist would be similar to that at the ankle 
conversion is also valid for upper extremities when solely 
the extremity is in the scan volume. Saltybaeva et al. (20) 
use a similar approach for the estimation of effective dose 
at lower extremities using the dose length product (DLP). 
In this study, the SSDE was used instead to account for the 
differences in diameter between the CT phantoms (32 and 
16 cm) of the wrist. To account for differences in volume 
between the simulations at the ankles and the wrist inside 
the scan volume the calculation was performed per volume.

Evaluation of high quality CT and ULD-CT regarding 
scaphoid fracture assessment

The original high quality CT data sets (100%) and the 
simulated ULD-CT (dose levels at 20%, 10%, 5%) were in 
random order and pseudonymized with numbers from 001 
to 100. Blinded to patient data, acquisition time and dose 
level, three readers with varying experience in radiology 
assessed the CT independently in 4 reading sessions each 
at least 2 weeks apart from one another (incorporating 
25 randomly selected CT/ULD-CT data): one expert 
reader (EXP; MSK fellowship trained radiology specialist), 
one moderately experienced reader (MOD; final year of 
radiology residency), and one inexperienced reader (BEG; 
after approximately one year of radiology residency).

The readers evaluated the presence of a scaphoid fracture 
and relevant fracture features according to the widely used 
Krimmer classification and Herbert classification (21,22) 
as follows: fracture (yes vs. no); fracture age estimation 
(acute/subacute vs. old/pseudarthrosis); localization of the 
fracture (proximal vs. middle vs. distal third vs. only tubercle 

of the scaphoid—defined by the most proximal part of the 
fracture); displacement (mm); fracture morphology (avulsion 
vs. transverse vs. long oblique fracture vs. longitudinal or 
multidirectional fracture); fragment count (n); perilunate 
displacement (yes vs. no); hump back deformity (yes vs. no). 

Cut offs with non-dichotomous variables were set as the 
following: localization of the fracture (proximal/middle 
third vs. distal third/tubercle), displacement (cortical 
malalignment ≥1 mm vs. no cortical malalignment), 
fracture morphology (avulsion/transverse vs. long oblique/
longitudinal/multidirectional), and fragment count (2-part 
fracture vs. n>2). The reading results of EXP on the original 
CT data sets were set as the reference standard. 

In addition, the DC of all readers regarding the detection 
of a scaphoid fracture was assessed on a 5-point-Likert-scale 
of the original CT images and all ULD-CT reconstructions 
from 1 “non-diagnostic quality” to 5 “excellent image 
quality”.

Statistical analysis

The Shapiro-Wilk-W-test  was used to assess the 
distribution of quantification data. Normally distributed 
variables were analyzed using Student’s t test and are 
presented as arithmetic mean and standard deviation. Data 
that did not follow normal distribution were analyzed 
using Wilcoxon-test and is reported as median and 
range. Correlations of ordinal variables were analyzed 
by Likelihood-ratio. P values <0.05 indicate statistical 
significance. Sensitivity and specificity were calculated for 
fracture detection and classification of fracture features. 
Sensitivity and specificity were assessed according to the 
reference standard (vide supra). Fleiss-Kappa was used 
for the agreement between the readers at the different 
dose levels and the reference standard regarding scaphoid 
fracture detection and classification. Fleiss-Kappa values of 
0.00–0.20 were considered as slight, 0.21–0.40 as fair, 0.41–
0.60 as moderate, 0.61–0.80 as substantial, and 0.81–1.00 as 
almost perfect/perfect levels of agreement (23).

Results

Study population

The final study collective included 25 patients (7 female,  
17 male; 37±16.34 years; Figure 2). The prevalence of 
scaphoid fracture in the study collective was 56.0% (Table 2); 
71.4% of the fractures were morphologically acute/subacute 
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fractures. Most frequent fracture localization was the middle 
third (64.3%). Most of the fractures were non-displaced 
(42.9%) or had only a slight (1 mm) cortical malalignment 
(28.6%) and were transverse fractures (50.0%); 85.7% of 
the scaphoid fracture were 2-part fractures. Hump back 
deformity was present in 14.3% of the scaphoid fractures. 
There was no perilunate fracture. According to Krimmer 
classification 35.7% of the fractures were stable, while in 
terms of Herbert classification all fractures were unstable 
(for more details see Table 2).

Effective radiation dose of high quality CT and ULD-CT

Median CTDIvol of the original high quality CT data sets 
was 16.92 (range, 15.04–17.03) mGy and decreased with 
the lowest simulated dose (5% dose level) to a median of 
0.85 (range, 0.75–0.85) mGy. With a mean scan length 
of 7.65±1.87 cm this led to a mean calculated effective 
radiation dose for the patients of 11.09±3.64 µSv in high 

quality CT and 0.55±0.18 µSv at 5% ULD-CT (see Table 3). 
ULD-CT at all examined dose levels resulted in significant 
lower effective radiation exposure compared to high quality 
CT (P<0.0001) (Table 3).

Results of high quality CT and ULD-CT regarding 
scaphoid fracture assessment 

The DC of all three readers was highest in the original 
data sets compared to ULD-CT (P<0.0001). Thereby 
median DC of all readers was 5/5 at 20% dose level with a 
minimum of 4/5 on the 5-point-Likert-scale. There were 
no ratings lower than 3/5 at 10% dose level and no ratings 
of 1/5 (“non-diagnostic image quality”) at all in any ULD-
CT (Table 3).

EXP and MOD detected nearly all scaphoid fractures 
in ULD-CT perfectly: with 100% sensitivity and 100% 
specificity on simulations up to 10 %. The sensitivity of 
ULD-CT with 5% dose decreased slightly to 92.86% 

Figure 2 Flow Chart of n=30 consecutive patients with clinically suspected scaphoid fracture and retrospective still available raw CT data 
sets, excluded patients due to metal implants. Final sample size of n=25 patients.

n=30 consecutive patients with clinically suspected scaphoid 
fracture and available raw CT data sets in the study period 

April 1st - July 31st 2018

Included patients: n=25 (83.3%)

Excluded patients: n=5 (16.7%)
•	 Metal implants in the scan field

Table 2 Presence of scaphoid fracture, fracture features and correspondent according to Krimmer’s and Herbert’s classification of the study population 

Classification N=25

Fracture No =11; Yes =14

Acute/subacute fracture No =4; Yes =10

Fracture localization Distal =3; Middle =9; Proximal =2

Cortical malalignment° 0 [0–3] mm

Fracture morphology Tubercle avulsion =2; Transverse =7; Long oblique =3; Longitudinal or multidirectional =2

Fragment count° n =2 [0–6]

Hump back deformity No =12; Yes =2

Krimmer classification A2 =5; B1 =1; B2 =6; B3 =2

Herbert classification B1 =2; B2 =8; B3 =2; B5 =2

°, non-normal distribution with presentation of the median and the total range; reference standard are the results of the expert reader on 
the original data sets of the high quality CTs.
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(EXP) and 85.71% (MOD) (exemplary patient with a subtle 
finding of a fissural scaphoid fracture as pictured in Figure 3). 
Thereby specificity was still high 100% (EXP) and 90.91% 
(MOD).

The reader at inexperienced level (BEG) showed a 
reduced sensitivity and specificity in scaphoid fracture 
detection at all dose levels of the ULD-CT compared to the 
original data sets (Figures 4,5).

The agreement of ULD-CT results read by the EXP 
with the reference standard according to both Krimmer 
and Herbert classifications was perfect down to 10% dose 
level and near perfect at 5% dose level (see Table 4). If 
fractures were grouped in stable (A1+A2) and unstable 
(B1+B2+B3+B4+B5) fractures MOD also showed a perfect 
agreement with the reference standard down to 10% dose 
(1.000) and a substantial agreement at 5% dose level (0.702–
0.745). The agreement of BEG with the reference standard 

was lower, but still substantial at all dose levels of ULD-CT 
and also in the high quality CT. If grouped into stable and 
unstable fractures the agreement of BEG with the reference 
standard decreased to a minimum of 0.593 (moderate) for 
the agreement of stable fractures at the 5% dose level. 

The fracture age estimation (acute/subacute vs. old/
pseudarthrosis) of EXP and MOD was perfect (100%) in 
ULD-CT till the dose level of 10% and decreased at 5% 
slightly. The presence/absent of hump back deformity and 
the absent of perilunate displacement was recognized by all 
readers at all dose levels.

Discussion

Modifying CT acquisition parameters according to the 
ALARA principle is an elegant, practical approach to 
reduce ionizing radiation, which does not require additional 

Figure 3 Illustration of sagittal reconstructions of the high quality scaphoid CT (100%) and simulated ultra-low dose CT (dose levels 20%, 
10% and 5%) in a 21-year old male patient with a slight finding of a fissural fracture in the middle third of the scaphoid with a short oblique 
fracture line. 

Table 3 Effective radiation exposure and concomitant diagnostic confidence of three readers with different radiological experience of the original 
CT data sets and of the simulated ULD-CT at dose levels 20%, 10% and 5% (n=25)

Effective radiation dose (µSv) DC EXP (5/4/3/2/1) DC MOD (5/4/3/2/1) DC BEG (5/4/3/2/1)

CT (100%) 11.09 (±3.64) 25/0/0/0/0 25/0/0/0/0 23/2/0/0/0

ULD-CT 20% 2.22 (±0.73) 24/1/0/0/0 25/0/0/0/0 16/8/1/0/0

ULD-CT 10% 1.11 (±0.36) 6/18/1/0/0 20/5/0/0/0 9/14/2/0/0

ULD-CT 5% 0.55 (±0.18) 0/5/18/2/0 7/17/1/0/0 4/9/12/0/0

Effective radiation dose is presented as arithmetic mean and standard deviation. ULD-CT, ultra-low dose CT; DC, subjectively diagnostic 
confidence rated on a 5-point Likert scale with 5/5 representing “excellent image quality” and 1/5 “non-diagnostic image quality”; EXP, 
expert reader; MOD, moderately experienced reader; BEG, inexperienced reader. 

100% 20% 10% 5%
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Table 4 Agreement between the different experienced readers and the reference standard regarding scaphoid fracture detection and classification 
according to Krimmer’s and Herbert’s classification

Fleiss-Kappa EXP – Krimmer EXP – Herbert MOD – Krimmer MOD – Herbert BEG – Krimmer BEG – Herbert

CT 100% – – 1.000 1.000 0.829 0.767

ULD-CT 20% 1.000 1.000 1.000 1.000 0.658 0.652

ULD-CT 10% 1.000 1.000 0.942 0.881 0.706 0.703

ULD-CT 5% 0.884 0.940 0.705 0.761 0.655 0.652

Fleiss-Kappa 0.00–0.20 = slight, 0.21–0.40 = fair, 0.41–0.60 = moderate, 0.61–0.80 = substantial, and 0.81–1.00 = almost perfect/perfect 
agreement. EXP, expert reader; MOD, moderately experienced reader; BEG, inexperienced reader; ULD-CT, ultra-low dose CT. 

Figure 4 Sensitivity of scaphoid fracture detection of the expert 
reader (dark), the moderately experienced reader (intermediate), 
and the inexperienced reader (bright) on original CT data sets 
(100%), and on simulated ULD-CT at 20%, 10%, and 5% dose 
levels (from left to right). ULD, ultra-low dose; EXP, expert 
reader; MOD, moderately experienced reader, BEG, inexperienced 
reader. 

Figure 5 Specificity of scaphoid fracture detection of the expert 
reader (dark), the moderately experienced reader (intermediate), 
and the inexperienced reader (bright) on original CT data sets 
(100%), and on simulated ULD-CT at 20%, 10%, and 5% dose 
levels (from left to right). ULD, ultra-low dose; EXP, expert 
reader; MOD, moderately experienced reader, BEG, inexperienced 
reader. 

hardware or post-processing software. It can be performed 
on any CT scanner of any generation. To our knowledge, 
this is the first study to report on ULD-CT imaging for the 
assessment of carpal fractures. 

Our findings indicate that a radiation dose of up to 10% 
of the original data is viable for readers of all experiences, 
and that a radiation reduction as low as 5% is viable for 
the intermediate and advanced radiologist in comparison 
to conventionally used CT. There was a high level of 
agreement and inter-observer reliability in diagnostic 
accuracy of fracture detection and classification.

The increased image noise—a consequence of dose 
reduction—was not inhibitory to the readers. These 
findings indicate that ULD-CT imaging in the detection 
and classification of scaphoid fractures is a viable and safer 
option.

Over the last few years, there have been several studies 

focusing on radiation dose reduction in MSK imaging with 
ULD protocols (24-27). Konda et al. reduced radiation 
nearly 14-fold by lowering the current, voltage and scan 
time; this ULD-CT imaging for detecting limb fractures 
still showed good diagnostic accuracy with a sensitivity 
of 98% (24). These fractures, however, were situated in 
the lower limb (foot, ankle, knee, hip) and elbow. At the 
wrist, Neubauer et al. (28) were able to show that a dose 
optimization has even greater potential in multi-detector 
CT imaging in comparison to cone beam CT, which 
permits a detailed bony architecture but is limited due to a 
smaller FOV and increased scattered radiation (29). More 
recently, an excellent cortical outline of bone structures 
in simulated ULD-CT imaging was achieved in torsion 
measurements of the lower limbs and the results were 
confirmed in real ULD-CT imaging (14,15).

These findings are consistent with the results of our 
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study indicating that ULD-CT imaging could be as 
accurate as high quality CT imaging of the wrist.

Radiation dose can also be reduced through various 
reconstruction algorithms such as iterative reconstruction as 
mentioned previously (30-33). At the same time reduction 
of tube current using low kV protocols is another way to 
reduce radiation dose but metallic implants cause artefacts 
and the BMI of the patient also affects results (24,27). Other 
techniques like automatic tube voltage adjust and use of tin 
filters are reliable for dose reduction and limiting artefacts, 
but they are limited to special scanners and software (34-36).

By reducing radiation dose in accordance with the 
ALARA principle, the image quality is reduced due to 
increased noise and should only be decreased to a level 
that still provides sufficient diagnostic image quality. In 
this study, the radiation dose was reduced to 10 % of the 
initial dose with sufficient diagnostic accuracy of all readers, 
resulting in a potential effective exposure of 1.11 µSv. 
Depending on the readers’ experience, diagnostic accuracy 
was still high when radiation dose was further reduced to 5% 
of the initial dose, with a calculated mean effective exposure 
of 0.55 µSv. 

Standard practice to image a suspected scaphoid fracture 
is the use of conventional X-ray imaging. Assuming this 
requires three X-rays (anterior-posterior, lateral and Stecher 
view) with each approximately 1 µSv (see www.xrayrisk.
com), then initial conventional radiography results in 
multiples of the radiation exposure of ULD-CT.

Accurate diagnosis of fracture morphology is paramount 
to therapy management, i.e., many institutions choose 
conservative treatment (cast immobilization) for none-
displaced, stable fractures and minimally invasive surgery 
with cannulated screws for displaced/unstable fractures, 
and if not treated these fracture types show a greater risk 
for nonunion (8). The proximal pole fracture requires 
special attention to reduce complications such as avascular 
necrosis, secondary arthrosis and persistent nonunion due 
to nutritional undersupply (3). It was shown that fragment 
position, displacement (of more than 3 mm according 
to Hovius et al.) and instability of the carpus are equally 
important when it comes to complications (37,38). In 
persistent nonunions of the scaphoid, more complicated 
surgical approaches are required such as the dorsal and 
volar inlay techniques (2). 

Subtle fractures without gap or displacement or 
comminution might, however, be less conspicuous in ULD-
CT and detection might be challenging due to reduced 
spatial resolution. If in doubt, we would recommend further 

imaging like with MRI that has shown to have a high 
sensitivity and specificity (7).

The importance of radiation sparing is always of interest 
to the radiologist as part of the risk/benefit assessment for 
CT imaging. The ALARA principle is applied and the scan 
range is kept as short as reasonably possible. The patients’ 
risk of malignancy and germ cell damage is increased with 
a high cumulative radiation dose, such as from repetitive 
X-rays, CT imaging and interventional procedures, which 
are used to assess healing stages and complications (39,40). 
The linear, no-threshold theory is a widely accepted model 
for calculating the risk of cancer from low-dose radiation, 
however, a widely used figure is 5% excess risk of death 
from cancer with a dose of 1 Sv (41).

Even though the subsequent risk from radiation of an 
isolated wrist CT is very low, the extrapolated lifetime 
cancer risk of an individual from repeated imaging can 
become significant. An ULD-CT reduces this risk. 

According to the results of our study, we confidently can 
recommend a decrease of radiation dose for the assessment 
and qualification of scaphoid fractures. At our institution, 
we have consequently reduced the radiation dose to 10%.

Limitations

(I) This retrospective study design was used to evaluate a 
hypothesis of ULD simulations with preliminary results, 
which is why there is a need for a prospective study to 
confirm the results above using CT actually acquired in 
ULD technique and adjustment for radiation sensitive 
groups like pediatric patients is needed. (II) Selection bias 
is possible since data is from a single center. (III) Low-
dose simulations are achieved by adding noise to the raw 
data sets, thereby the effect of adjusted tube current, low 
tube voltage settings or tin filtration cannot be simulated 
adequately. (IV) Patients with implants at the wrist and 
thereby metallic artefacts were not assessed so low-dose 
CT protocols cannot be concluded to such patients. (V) 
We have not separately assessed the limitation in spatial 
resolution of ULD-CT on comminution and complex 
fractures; this could be the scope of future projects.

In conclusion, a significant radiation dose reduction in 
CT imaging of the scaphoid to 10% provides sufficient 
image quality to precisely detect and classify scaphoid 
fractures by radiologists with moderate experience. 
ULD-CT with approximately 1 µSv might compete with 
conventional radiography as primary imaging modality 
clarifying suspected scaphoid fractures.
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