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Abstract 
For a couple of years, new and revolutionary surgery practices, like image-guided surgery, have been 
known and successfully applied for particular interventions in human medicine. Today, researchers 
from multiple disciplines are working on the extension of these practices to enable high precision, 
minimally invasive surgery in the cranial area, which offer a significantly reduced trauma to the patient 
due to minor openings (1-3 boreholes) as well as new forms of treatment and drug delivery. However, 
the replacement of conventional and well-established procedures is only possible if unintended injuries 
of vital structures are excluded and a valid statement about the overall benefit and individual patient 
risk can be given prior to the minimally invasive intervention. Medical 3D imaging techniques like x-
ray computed tomography (CT) are the basis for image guided surgery and provide essential 
information about the patient’s anatomy, which is used for navigation tasks in the stages of planning 
and process control. Hence, quality demands no longer address only the imaging quality of a CT-
system (e.g. contrast, noise, sharpness etc.) but also the uncertainty of displaying resp. measuring the 
exact dimension and position of relevant anatomic structures. This point marks a paradigm shift in 
medical imaging.  
In order to assess the capability of different CT-systems for dimensional measurements no 
recommendations, standards or guidelines exist in the medical domain, up to now. Although there is a 
need for consistent accuracy characteristics, especially when new tomographic concepts like C-arm CT 
should be considered in contrast to conventional and high-resolution spiral CTs. This need can be 
satisfied by applying methods known from coordinate measurement technique, which have been set up 
and already been proven in the field of industrial CT applications. Here, the main challenge is to adapt 
the recommended procedure and the used test specimens to medical use cases.  
This paper presents in a first step the results of an accuracy study according to VDI/VDE GMA 2630 
guideline for a medical spiral CT in contrast to an industrial cone beam CT-system.  
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1  Introduction 
The term ”image-guided surgery“ in the context of human medicine is used for a method of surgical 
operation. Using three-dimensional image data the intervention is virtually planned in advance and 
analogically executed [12]. For minimally invasive surgeries in the cranial area the operation planning 
not only aims at a general feasibility study but also at a definition of trajectories which enable a 
collision-free approach of the surgical instruments to target area. Here, it is of great importance that 
nearby structures (blood vessels, nerves, organs etc.) remain unharmed. In order to stick to the planned 
paths it is common practice to use optical tracking systems. In the course of the intervention they 
detect both the pose and the direction of movement of the used instruments and show occurring 
deviations to the surgeon [12; 4]. The handling of these operation instruments differs depending on the 
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method from fully manual by means of mechanical systems of restraint and guidance to partly 
automated manipulators e. g. tele-manipulators or surgery robots [3]. Recent work of research and 
development mainly aims at increasing the precision and hence the patient safety for the existing 
techniques. For high navigation precision respectively low uncertainty it is crucial that the specific 
patient anatomy is sufficiently depicted by the applied imaging technology. High visual quality 
(contrast, sharpness, signal noise) of the generated imaging data is not the only strict requirement. It is 
of even more importance that all relevant structures are depicted exactly, i. e. with a preferably low 
uncertainty, concerning their dimension and position. For a measurement system like CT in industrial 
application this is a well-known demand [1; 8; 11], but in the context of imaging of anatomic objects in 
human medicine, it is truly new. So here the term and the meaning of measurement uncertainty 
concerning the SI unit length is quite unfamiliar, which results in a lack of guidelines, standards and 
best practice procedures for an assessment of the general applicability of medical imaging technologies 
for dimensional measuring tasks as well as for a declaration of a task related measuring uncertainty.  
Due to the huge amount of imaging technologies the use of consistent accuracy characteristics is 
important. Only they can lead to an impartial comparison and to a first estimation of the measurement 
error to be expected. To counteract the deficiency of specific guidelines the transfer and application of 
the well-established guideline VDI/VDE GMA 2630 Part 1.3 [9] originating in the coordinate 
measuring technology to the medical use case is proposed. In the remainder of this contribution as a 
first step a concrete example for an image guided subcranial surgical intervention is described. The 
design and the implementation of the accuracy study at a medical spiral CT-system are based on this 
example.  

2  The challenge – quantifying the risk of minimally invasive surgery at 
basicranium 
Minimally invasive operation techniques are one branch of image-guided and endoscopic surgery. For 
the abdomen and the lower extremity they are widely applied (e. g. laparoscopy, athroscopy) and 
represent a good alternative to the conventional, explorative practices. A minimized trauma resulting in 
less stress and a quicker convalescence for the patient is the main advantage of minimally invasive 
surgery. Operation instruments such as gripper, sources of light and camera are inserted in a tissue 
conserving way via small cuts in the skin and reach the appropriate operation field by simply pushing 
the soft part tissue aside. Without extensive openings infections are less probable. In spite of a higher 
effort for the needed equipment, minimally invasive surgery inventions are rated as cost-efficient 
compared to explorative methods as patients have less days of hospitalization and can sooner be 
reintegrated to their social and working life [5]. Application limits are reached as soon as bony 
structures are involved. Here, it is necessary to virtually plan and execute multiple bore holes in order 
to reach the target area with the required instruments. Insertion errors such as deviations of position 
compared to the planned path cannot be corrected and either inhibit reaching the rendezvous point of 
the bore holes or lead to vital structure injuries. Especially subcranial operations are complex 
interventions which, up to now, cannot be executed minimally invasively due to the tight adjacencies 
of blood vessels, nerves, inner ear and brain. Based on the great therapeutic potential divers 
international research teams put their effort in solving this problem [6; 2; 10; 7]. Manipulation at the 
inner ear or cochlea, cochlea implants or biopsies without the need for a petrous bone opening are 
possible applications [5]. Figure 1 illustrates the described virtual planning of multi angular trajectories 
for bore holes at the basicranium based on a diagnostic, pre-therapeutic thin slice CT of the petrous 
bone and the resultantly possible manipulation within the petrous bone. 
According to recent surveys, deviations of 2-3 mm from the planned trajectory are acceptable for the 
application described above [5]. 
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Figure 1: Virtual planning of a minimally invasive intervention at the basicranium 

 
In spite of this very narrow tolerance field in the context of human medicine, a systematic 
determination of uncertainties within the surgical process chain (imaging, detection, manipulators, 
impact of the surroundings) and their impact on the accuracy of the bore hole insertion is rarely 
examined. At the same time realization of a new minimally invasive operation technology depends on 
a reliable statement concerning the expectable success respectively the patient risk prior to the actual 
intervention. Today, this is hardly possible. Precise knowledge about uncertainty contributors and 
calculation models for their allocation are missing. Figure 2 presents a first approach for the pre-
operational assessment of individual patient’s risk. It is directly dependent on the remaining clearance 
of a defined trajectory respectively on the ratio of clearance to uncertainty. 
For the idealized case there is a clearance which is only limited by the chosen trajectory and the 
patient’s anatomy. In reality this clearance is limited by inner and outer constraints. The outer 
limitation of the usable clearance is caused by uncertainties concerning the exact position and 
dimension of vital structures which is a direct result of imperfections and simplifications of the 
imaging and segmentation process. The inner limitation in contrast is due to deviations from the ideal 
trajectory and characterizes the capability of the surgical process (bore hole insertion). In both cases 
the initial clearance is considerably reduced and unknown which leads to higher risk for the patient.  
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Figure 2: Simplified approach to quantify the patient’s risk  

 
From this point of view it becomes obvious that uncertainty contributions of the imaging as well as of 
the manipulation have to be assessed in advanced and applied to the individual patient’s anatomy. This 
emphasizes the role of x-ray computer tomography, as a standard technique within medical imaging 
changes. Visual aspects are no longer in the foreground, the generated volume data are rather the base 
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for high precision navigation tasks in the three dimensional space. In consequence, here CT is used as 
a coordinate measuring device and has to be treated as such comparable to the industrial application.  

3  The approach – accuracy study of medical CT-systems  
The implementation of an accuracy study according to VDI/VDE GMA 2630 Part 1.3 is not equivalent 
to giving a statement about the measurement uncertainty for a concrete measurement task. Based on 
the calculated characteristics it can rather be tested whether the examined measuring device works in 
accordance to the manufacturer’s specification and is generally suitable for the given task. In addition 
to that, the calculated characteristics are an enabler for an impartial comparison among different 
systems belonging to the same type or different system concepts. The accuracy study is hence the first 
important step towards a risk assessment for minimally invasive surgery. This is of special importance 
due to new tomographical concepts such as C-arm CT and high resolution spiral CT systems, whose 
potential of minimizing measurement uncertainty has not been quantified for the imaging of anatomic 
structures yet. 

3.1 Definition of characteristics 
The implementation of an accuracy study according to VDI/VDE GMA 2630 Part 1.3 is based on the 
calculation of several characteristics, which can be assigned to one of the following groups:  
Probing error 
Length measurement error 
Material- and geometry dependent characteristics 
 
Depending on the sensor concept of the used CT-system (cone beam CT, fan beam CT or spiral CT) it 
will be distinguished between the terms “measurement at the image” or “measurement in the image”. 
Here the inspected CT-systems use either a flat panel or a multi-line photo diode array detector 
combined with a spiral reconstruction algorithm. For both cases the reconstructed volume is not 
combined of partial data from discrete measurements. So by definition the calculated characteristics 
refer to the term “in the image” and will be labeled with the indices (TS). Furthermore this study 
focusses on characteristics which are related to the feature size and to neglect the ones dealing with 
form deviations. One reason for that decision is the limited resolution of medical CT-systems (here: 
min. voxel size  0,6 mm), which does not satisfy the needs for well-conditioned form measurements 
and will produce misleading bad results. So finally the scope of the presented study was reduced and 
set to the following characteristics: 
Probing error size  PS(TS) 
Length measurement error  E(TS) 
Material- and geometry dependent characteristics  GS(TS) 
 
The exact calculation specifications for PS(TS), E(TS) and GS(TS) are under the copyright of Verein 
Deutscher Ingenieure (VDI) e.V, Düsseldorf and can be found in the corresponding guideline. [9] 

3.2 Test specimens  
For conducting the accuracy study, a set of test specimens (2 step-cylinders, 7 double-ball-bars) has 
been designed, manufactured and calibrated by an official DKD laboratory. The specification of the 
test specimens can be found in Figure 3. The dimensions of the double-ball-bars (length and ball 
diameter) are related to the measurement volume of the underlying medical CT-system. The double-
ball-bars allow the calculation of the characteristics PS(TS) and E(TS).  
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Step-cylinder

Double-ball-bar

Specification

Material bone equivalent
No. steps 5
Height (total) 80 mm
Diameter (max.) 100 mm

Material ball synthetic rubin
Material bar carbon fibre
Diameter ball 5 / 8 / 10 mm
Length (center to center) 30 / 45 / 60 / 90 / 120 mm

 
Figure 3: Specifications of used test specimens 

 
The step-cylinders are used to examine the effects of workpiece material and workpiece geometry on 
the measurement process (characteristic GS(TS)). The guideline recommends choosing typical materials, 
which are also part of the real measurement task. In order to respect the conditions of a CT-scan in the 
medical domain, bone equivalent material of high and low density was used for the step-cylinders, 
which features in a wide range a radiation attenuation coefficient similar to the anatomic model 
(patient). The dimensions of the step-cylinders correspond with typical radiation length in the cranial 
area. 

3.3 Implementation 
The accuracy study was implemented on two different CT-systems. The medical CT-system is a 
standard spiral-CT, which is used for various tasks in the medical routine incl. applications in the field 
of image guided surgery. As a reference the study was also carried out on an industrial cone beam CT 
with flat panel detector. 
The used parameter sets for image acquisition and reconstruction were defined by means of 
preliminary test and can be found in Figure 4. It has to be mentioned that the applied parameters were 
freely chosen and not necessarily suitable for the given example in chapter 2.  
According to the guideline the position and orientation of the test pieces within the measurement 
volume of the CT-systems were varied in three stages between 0° and 90° (see Figure 4). The 
magnification resp. the resulting voxel size was all the time set to the maximum of 0.6 mm. 
Furthermore a repetition of three times was applied to the entire test schedule, in order to consider 
stochastic events. The analysis of the volume data was done by using the software VG Studio Max 2.1 
(Volume Graphics, Heidelberg). A regular point grid as well as circular paths each with more than 500 
measurement points were applied in combination with a least-square method to determine ball and 
cylinder diameter of the measured test pieces.  
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Medical CT-system 

Industrial CT-system

Parameter sets

Exposure time 500 ms
Convolution kernel B 30f
X-ray tube voltage 120 kV
X-ray tube current 0.450 mA
Voxel size (isotropic) 0.600 mm

No. projections 1200 
Exposure time 800 ms
Convolution kernel Shepp Logan
X-ray tube voltage 200 kV
X-ray tube current 0.300 mA
Voxel size (isotropic) 0.200 mm

90°

0° 45°

90°

0°
45°

Source: Siemens Medical, Erlangen 

Source: Carl Zeiss IMT, Oberkochen

 
Figure 4: Parameter sets for the inspected CT-systems 

3.4 Presentation of Results 
The results for the calculated characteristics PS(TS), E(TS) and GS(TS) are displayed in the following charts 
and tables. Due to the fact that double-ball-bars have been used for the assessment of the length 
measurement error, the obtained values for E(TS) have to be corrected by the quantity of PS(TS), in order 
to graduate the averaging effect and to compensate systematic probing errors. Furthermore, it has to be 
mentioned that the results for PS(TS), E(TS) and GS(TS) always orientate on the biggest measured deviation. 
They do not result from an averaging or filtering process. It points out that the orientation of the test 
pieces is a crucial influencing factor. In both cases the achieved results are dominated by one sensitive 
direction (45° for medical CT-system and 90° for industrial CT-system) which leads to a multiplication 
of the previous observed measurement deviations. 
 

 PS(TS, 3 mm) [mm] PS(TS, 8 mm)  [mm] PS(TS, 10 mm)  [mm] 
Medical CT  -0.018 -0.039 -0.022 
Industrial CT 0.016 0.037 0.037 

Table 1: Results for probing error size 
 
Looking at the probing size error (Table 1) it can be seen, that a small ball diameter results in minor 
measurement deviations, although in both cases there is no link between ball size and probing size 
error obvious. Furthermore, it is noticeable that the observed probing size error is absolutely in the 
same range for medical and industrial CT-system. This was not expected due to existent disparities 
concerning the hardware concept and the achieved voxel size. Differences in regard to the sign for the 
probing size error might be explained by the use of different reconstruction algorithms and filters 
which directly affect the gray value profile and so the threshold driven surface extraction.  
In contrast, the analysis of length measurement error (Figure 5) showed explicit differences between 
the medical and the industrial CT-system. Although both test series follow the trend that the measuring 
error increases with higher measuring lengths, the absolute range is in the mean five times higher for 
the medical CT-system as for the industrial one. Nevertheless, with a max. length measurement error 
of 0.270 mm the results for the medical CT are in range of half voxel size and much better than 
expected by the involved parties.  



 

215 

 

 
Figure 5: Results for length measurement error for medical (above) and industrial (below) CT-system 
 
Table 2 shows the results for the material- and geometry dependent characteristics GS(TS). Looking at 
the medical CT-system, the biggest deviations occur for the two smallest outer diameters of the step-
cylinders, independent of the material. The values for the remaining diameters are in the range of the 
calculated length measurement error. For the industrial CT-system both test series show an increasing 
measurement error with bigger diameters. Furthermore, it is noticeable that the high density step-
cylinder produces consistently higher deviations than low density step-cylinder. 
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 GS(TS, 10 mm) 

[mm] 
GS(TS, 20 mm) 

[mm] 
GS(TS, 40 mm) 

[mm] 
GS(TS, 60 mm) 

[mm] 
GS(TS, 80 mm) 

[mm] 
GS(TS, 100 mm) 

[mm] 
Feature Inner ∅ Outer ∅ 
Medical CT  
(low density) 

0,088 0.205 -0.197 -0.133 0.138 0.167 

Medical CT  
(high density) 

0.137 -0.197 -0,180 0.120 0.144 0.176 

Industrial CT 
(low densitiy) 

0.022 -0.034 0.047 0.046 0.072 0.095 

Industrial CT 
(high densitiy) 

-0.075 0.095 0.095 0.086 0.099 0.160 

Table 2: Results for material- and geometry dependent characteristics GS(TS) 

4  Summary and Outlook  
The main goal of this contribution is to establish accepted standards in the medical domain, which 
allow giving valid statements about the measurement uncertainty for medical imaging techniques like 
CT. This will help to quantify the feasibility and the risk of innovative, high precision surgical 
interventions. For this reason it is suggested to extent the application area of already existent standards 
and guidelines from the production metrology domain to medical imaging systems and use cases. In a 
first step it has been shown that the implementation of VDI/VDE GMA 2630 guideline looking at a 
medical CT-system is possible by using adapted test specimens. Thus it is possible to compare 
different types of CT-systems in regard to their general applicability for performing dimensional 
measurements. As the assessment of accuracy characteristics alone is not sufficient for quantifying the 
individual patient risk it is necessary to determine and to apply the task related measurement 
uncertainty. This requires new methods and test pieces which obey the rule of similarity to the real 
patient in a radiometric as well as in an anatomic way.  
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