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Abstract 

Forensic pathologists commonly use computed tomography (CT) images to assist 

in determining the cause and manner of death as well as for mass disaster operations. 

Even though the design of the CT machine does not inherently produce distortion, most 

techniques within anthropology rely on metric variables, thus concern exists regarding 

the accuracy of CT images reflecting an object’s true dimensions. Numerous researchers 

have attempted to validate the use of CT images, however the comparisons have only 

been conducted on limited elements and/or comparisons were between measurements 

taken from a dry element and measurements taken from the 3D-CT image of the same 

dry element.  

A full-body CT scan was performed prior to autopsy at the Office of the Chief 

Medical Examiner for the State of Maryland. Following autopsy, the remains were 

processed to remove all soft tissues and the skeletal elements were subject to an 
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additional CT scan. Percent differences and Bland-Altman plots were used to assess the 

accuracy between osteometric variables obtained from the dry skeletal elements and from 

CT images with and without soft tissues. An additional seven crania were scanned, 

measured by three observers, and the reliability was evaluated by technical error of 

measurement (TEM) and relative technical error of measurement (%TEM).  

Average percent differences between the measurements obtained from the three 

data sources ranged from 1.4% to 2.9%. Bland-Altman plots illustrated the two sets of 

measurements were generally within 2mm for each comparison between data sources. 

Intra-observer TEM and %TEM for three observers and all craniometric variables ranged 

between 0.46 mm and 0.77 mm and 0.56% and 1.06%, respectively. The three-way inter-

observer TEM and %TEM for craniometric variables was 2.6 mm and 2.26%, 

respectively. Variables that yielded high error rates were orbital height, orbital breadth, 

inter-orbital breadth and parietal chord. Overall, minimal differences were found among 

the data sources and high accuracy was noted between the observers, which prove CT 

images are an acceptable source to collect osteometric variables.  
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1. Introduction 

Multiple research studies have suggested the use of three-dimensional (3D) 

reconstructed computed tomography (CT) scans to provide a means of accurate data 

collection from the human body, allowing the anthropologist to bypass the need to 

remove soft tissues [1–4], a process that is time consuming and may conflict with 

religious beliefs. Furthermore, when skeletal samples are not available to create 

population specific formula, anthropologists may need to utilize a different source to 

acquire suitable data. The application of CT has also gained popularity in the forensic 

pathology community to assist in determining cause and manner of death and in 

preparation for a mass disaster situation [5–7]. In mass disaster operations and disaster 

victim identification investigations, forensic investigators frequently need to conduct 

extensive preparation and processing of remains to obtain data that assists with the 



identification process, such as age, ancestry, stature and sex [6,8,9]. The application of 

CT rather than conventional X-ray allows for better contrast resolution that results in 

more detailed images of bones and soft tissues and offers a rapid processing time [6]. 

Furthermore, CT images do not present with distortion as compared to images generated 

from conventional X-ray machines because of the physics involved with the design of CT 

scanners. 

While the technology implies that measurements collected from skeletal remains 

on a 3D-CT image with soft tissues would be accurate, a study has yet to be conducted 

that validates the claim for the entire skeleton. The majority of published studies 

demonstrate high accuracy between measurements taken from a dry element and 

measurements taken from the 3D-CT image of the same dry element [3,10–18]. 

However, the exclusion of soft tissues when imaged inherently produces a CT image that 

is slightly smaller in three dimensions because of the influence of partial volume effects 

(PVE) during volume rendering (VR), which occurs when the CT scanner is unable to 

differentiate between materials with varying Hounsfield units (i.e. air and bone). Several 

studies compared the measurements obtained from bones within the soft tissues and 

measurements of the same bones following the removal of soft tissues [1,2,19]. Both 

Decker et al. [1] and Robinson et al. [2] argue that the virtual models are highly accurate 

and measurements obtained from CT images can be used in forensic anthropological 

applications. However, the 95% confidence interval for the measurement difference 

between CT and dry bone measurements of the lower limb and foot was approximately 

+/- 5 mm [2], which is considerably larger than the generally accepted level in 

anthropology. The range of measurement error obtained by Verhoff et al. [19] is between 

1 and 2 mm; a result that is more acceptable within forensic applications. Besides 

validating the measurement error between dry and CT images for the areas that have 

previously been evaluated, measurement errors need to be recorded for the entire skeleton 

as almost all elements are used in estimation techniques for ancestry, sex, stature and age.  

Measurement error, both because of uncertainty in landmark 

identification/location and alterations in the objects true dimension as a consequence of 

imaging, has the potential to drastically affect the interpretation of results, thus this error 

should be considered in research design [20,21]. Furthermore, the Daubert guidelines 



emphasize the importance of precision, accuracy and reliability in forensic science 

research [20,22–24]. Two broad categories are associated with measurement error. The 

first includes reliability and precision, terms associated with the variation in repeated 

measures, and the second includes validity and accuracy, terms associated with the extent 

to which the true value of the object is obtained with the measurement [25–28]. In the 

current study, the main interest lies in the evaluation of the accuracy of skeletal measures 

obtained from CT images when soft tissues are present and the reliability of osteometric 

data collected from CT images. The potential impact of the current study includes the 

enablement of identification in mass disaster situations because of the elimination of 

maceration of skeletal remains and the ability to collect metric data from images and the 

increase in modern, comparative reference collections to create and/or validate current 

anthropological techniques. 

 

2. Materials and Methods  

A full-body CT scan of a deceased individual was performed with a General 

Electric (GE) Light Speed RT-16 multi-detector scanner prior to autopsy at the Office of 

the Chief Medical Examiner for the State of Maryland (OCME). Following the OCME 

protocol, the skull was scanned with a slice thickness of 0.625 and the postcrania was 

scanned with a slice thickness of 1.25 mm. The acquired images were reconstructed in a 

contiguous fashion using the GE Advanced CT Workstation (AW-2) (Version: aws-2.0-

5.5). A formal consent was obtained from the next of kin through the State Anatomy 

Board and the remains were processed to extract specific skeletal elements, including the 

cranium, mandible, left clavicle (the right was damaged during autopsy) and the right and 

left scapulae, humerii, ulnae, radii, femora, tibiae, and fibulae. Following the removal of 

all soft tissues, the skeletal remains were processed and the dry elements were re-scanned 

using the previously described settings. Thus, measurements were obtained from three 

sources: the dry skeletal elements (dry), the CT images with soft tissues prior to autopsy 

(CT), and the CT images of the dry skeletal elements after soft tissue removal (dryCT). 

An additional seven crania were scanned following the same CT settings in order 

to evaluate reliability in repeated measurements. Demographics associated with the 

crania were trivial considering the purpose of the paper was for measurement error and 



not estimation of a biological parameter.  

Linear cranial (n=35) and postcranial measurements (n = 61) were collected 

following measurement definitions from Buikstra and Ubelaker [29] and Urcid [30] 

(Tables 1 and 2). Maxillo-alveolar length, mastoid height, mandibular measurements that 

required a mandibulometer (i.e. maximum ramus height, mandibular length, and 

mandibular angle), circumference measurements on the long bones, and pelvic 

measurements were excluded from data collection. Measurements were excluded because 

of the difficulty in identifying the landmarks that define the measurement or because of 

highly unreliable measurements [27,31]. Measurements were taken from both left and 

right sides to increase the number of available measurement comparisons. Each bone was 

isolated from all other elements to allow for full visibility of features and landmarks and 

the measurements were collected using the AW-2 program. Figures 1 and 2 demonstrate 

cranial and postcranial measurements collected from CT images.  

During creation of a VR image, an opacity curve determines the opacity and 

transparency of various tissues. Landmarks were identified using a preset 3D filter 

displaying bone in color with a wide opacity ramp set at window/level operation (W/L) of 

594/41. This single step was sufficient to identify most landmarks, but was not reliable in 

identifying the exact location of all anatomical landmarks of interest because of 

differences in skull thickness or other degenerative changes, such as low bone density 

(i.e. osteoporosis). This was especially true in identifying landmarks in the ocular and 

temporal regions. Therefore, the opacity ramp was manually lowered for better 

visualization purposes (Figure 3). Although the thickness of the bone changes when the 

opacity is adjusted, the distance between landmarks is unaffected.  

The measurements associated with the dry skeletal remains were collected using 

sliding and spreading calipers and an osteometric board. 

 

Accuracy  

One author (MLT) collected all of the cranial and postcranial measurements from 

the three data sources to reduce error. Percent differences were used as a means to 

compare the measurements obtained from the dry, CT, and dryCT because the calculation 

takes the size of the measurement into account. For example, a 2 mm error is drastically 



Table 1 – Cranial measurements collected from the three data sources. 

Maximum cranial length (GOL) Biorbital breadth (EKB) 

Maximum cranial breadth (XCB) Interorbital breadth (DKB) 

Bizygomatic breadth (ZYB) Frontal chord (FRC) 

Basion-bregma height (BBH) Parietal chord (PAC) 

Cranial base length (BNL) Occipital chord (OCC) 

Basion-prosthion length (BPL) Foramen magnum length (FOL) 

Maxillo-alveolar length (MAB) Foramen magnum breadth (FOB) 

Biauricular breadth (AUB) Biasterion breadth (ASB) 

Upper facial height (UFHT) Zygomaxillary breadth (ZMB) 

Minimum frontal breadth (WFB) Chin height (GNI) 

Upper facial breadth (UFBR) Body height (HMF) 

Nasal height (NLH) Body thickness (TMF) 

Nasal breadth (NLB) Bigonial diameter (GOG) 

Orbital breadth (OBB) Bicondylar breadth (CDL) 

Orbital height (OBH) Minimum ramus breadth (WRB) 

 

 

 

 

 

 

 

 
 
 
 
 
 



 

 
 

Table 2 - Postcranial measurements collected form the three data sources. AP = Anterior - 
Posterior; ML = Medio - lateral; SI = Superior - Inferior 

Clavicle 
Maximum length 

Femur 

Maximum length 
AP midshaft Bicondylar length 
SI midshaft AP Subtrochanteric 

Scapula Maximum height ML Subtrochanteric 
Maximum breadth Vertical diameter head 

Humerus 

Maximum length Epicondylar breadth 
Maximum diameter midshaft        AP midshaft  
Minimum diameter midshaft ML midshaft 

Head diameter 

Tibia 

Condyllo-malleolar length 
Epicondylar breadth Proximal epiphyseal breadth 

Radius 
Maximum length Distal epiphyseal breadth 

AP midshaft AP at the nutrient foramen 
ML midshaft ML at the nutrient foramen 

Ulna 

Maximum length 

Fibula 
 

Physiological length Maximum length 
AP midshaft Diameter at midshaft 
ML midhaft  

Table 3 – Average percent differences between the data sources 
and the three measurement subsets. Abbreviations: Dry = dry 
skeletal elements, CT = CT images with soft tissue, and dryCT = 
CT images without soft tissue. 

Source 
Comparison 

Mean Percent Differences 

Combined Cranial Postcranial 

dry – dryCT 1.4% 0.9% 1.7% 

dry – CT 1.5% 0.6% 2.0% 

dryCT – CT 2.9% 1.5% 3.7% 



Fig. 1. 
Four standard cranial measurements collected on a CT image.



Fig. . 
T o standard umeral measurements 
collected on a CT image.



Fig. . 
T e same crania imaged at t o di erent o acit  ram s  demonstrating t e increased clarit  o  t e gomatico rontal suture. T e image on t e le t is at 
a indo le el o eration  o  1 and t e image on t e rig t is at a  o eration o  1 .



different on a 20 mm measurement versus a 100 mm measurement. Percent differences 

were calculated between the three data sources and comparisons were made for all 

measurements combined and also separated by cranial and postcranial measurements.  

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑠 =
𝑥1 − 𝑥2
�𝑥1 + 𝑥2

2 �
∗ 100 

 

A Bland-Altman plot was employed to visualize the amount of agreement 

between the measurements obtained from each data source [32]. The plot reveals the 

overall trends in the agreement of measurements and identifies any systematic biases and 

outliers by plotting the means of the repeated measures along the x-axis and the 

differences between the corresponding measurement pairs on y-axis [33–35]. The limits 

of agreement, both positive and negative, are the reference interval that is based on the 

mean and standard deviation and provide insight into the amount of random variation that 

is present [32,34]. If the two sets of measurements tend to agree, the plot shows a random 

scatter of differences around a mean of zero; if the two sets of measurements tend to 

disagree, the scatter will increase causing the limits of agreement to widen [32,34].  

 

Reliability 

Three observers, two biological anthropologists and one medical examiner with 

training in radiology, measured the seven dry crania and the VR images of the dry crania. 

Because reliability refers to the consistency in measures, the technical error of 

measurement (TEM) was utilized to assess inter- and intra-observer error for each 

measurement. The equation for intra-observer error TEM is  

TEM =�(Σ𝐷2)
2𝑁

 

where D is the difference between the measurements and N is the number of individuals 

measured [26]. The equation for inter-observer TEM differs when there are more than 

two observers and is as follows  

 



TEM = �(Σ1𝑁((Σ1𝐾𝑀2) − ((Σ1𝐾𝑀)2/𝐾)))/𝑁(𝐾 − 1) 

 

where N is the number of measurements, K is the number of observers, and M is the 

measurement. TEM retains the same unit of the measurement and is directly related to the 

measurement size. For example, a large mean value will have a large TEM and thus 

comparison of measurements of different sizes cannot be assessed [26]. To surmount this, 

TEM can be converted to relative TEM (%TEM), which is the error expressed as a 

percentage that corresponds to the total average of the variable analyzed (see below) [36]. 

The converted percentage has no units and allows for direct comparisons of all 

measurement sizes [26].  

 

% TEM = � 𝑇𝐸𝑀
𝑚𝑒𝑎𝑛

� * 100 

 

3. Results 

Accuracy 

The average percent differences for all measurements combined were 1.4% for 

the dry-dryCT comparison, 1.5% for the dry-CT comparison, and 2.9% for the dryCT-CT 

comparison (Table 3). Cranial measurements resulted in lower percent differences in 

comparison to the postcranial measurements. The overall average smallest percent 

difference of 0.6% was between the cranial measurements obtained from the dry and CT 

images while the overall average highest percent difference of 3.7% was between the 

postcranial measurements obtained from the dryCT and CT images. The majority of 

measurements fell within the upper and lower agreement levels in the Bland-Altman 

plots, which was approximately 2 mm (Figures 4 – 6).  

 

Reliability 

The average intra-observer TEM and %TEM for all craniometric variables and 

three observers was between 0.46 mm and 0.71 mm and 0.56% and 1.06%, respectively. 

Variables that yielded the highest error rates were orbital height (OBH), inter-orbital 



Fig. . 
land ltman lot de icting t e di erences in osteometric aria les collected rom t e dr  s eletal elements and rom a CT image o  t e same ones in situ 
it  so t tissue dr CT .



Fig. . 
land ltman lot de icting t e di erences in osteometric aria les collected rom dr  s eletal elements and rom a CT image o  t e dr  s eletal elements 

dr dr CT .



Fig. . 
land ltman lot de icting t e di erences in osteometric aria les collected rom a CT image o  t e dr  s eletal elements and a CT image o  t e s eletal 

elements in situ it  so t tissue dr CT CT .



breadth (DKB) and orbital breadth (OBB). The three-way inter-observer TEM and 

%TEM, averaged across all craniometric variables, was 2.6 mm and 2.26%, respectively, 

slightly higher than the intra-observer error. The measurements that presented with the 

most error among the three observers were DKB, OBB and parietal chord (PAC).  

 

4. Discussion  

The primary concern with utilization of CT images is if the CT image reflects the 

same size and dimensions as the original object. Of primary importance is if the 

comparison between measurements collected from dry skeletal remains are accurate to 

measurements collected on CT images. Within the current study, the dry-CT comparison 

demonstrated an average percent difference of 1.5%, which is comparable to average 

percent differences of measurements obtained on dry bone and on Lodox Statscan-

generated radiographic images of the dry bone [37,38]. Furthermore, prospective 

longitudinal growth studies that collected metric data from radiographic images with 

controlled settings to generate images with the least distortion possible, note distortion 

between 1% and 3% [39–44]. The average percent differences were higher in the 

postcrania than crania, which is likely because of the increased number of smaller 

measurements and decreased number of Type I landmarks (see below). As illustrated by 

Figures 4 – 6, the majority of measurement differences were within 2 mm, which is 

considered an acceptable amount of error in forensic anthropology. Overall, measurement 

differences in the current study were similar to most published studies, and in some 

instances the differences were much smaller. For example, a study conducted on the 

lower limb revealed errors as wide as 7 mm [2]. 

The largest percent difference was noted in the dryCT – CT source comparison 

(2.9%). The increased percent difference is related to the differential Hounsfield units of 

air and soft tissue. Although CT images accurately represent scanned objects, the imaging 

process is susceptible to certain artifacts, such as PVE. Essentially, while CT scans of dry 

material are beneficial for morphological observations only CT scans inclusive of soft 

tissues are recommended for metric data collection if the goal is to create an applicable 

anthropological technique.  



Though studies vary in design, measurement tools and objects, the evaluation of 

published intra- and inter-observer TEM and %TEM values demonstrate the values 

acquired in the current study were comparable to previous reports [26,36,37,45–47]. The 

small percent differences and the acceptable levels of repeatability of measurements, not 

only between dry bone and CT images but within CT images, suggests the measurement 

error in the data sources is more a consequence of measurement repeatability and less 

because of artifacts associated with CT generated images.  

Landmarks were historically chosen and subsequently defined to be repeatedly 

located with high accuracy and high precision on each object within and between 

populations [49]. Type I landmarks are based on biologically unique patterns on the form, 

Type II landmarks are defined by geometric criteria (e.g. point of maximum curvature) 

and Type III landmarks are dependent on the location of other landmarks [12,13,50]. 

Because Type II and III landmarks present with lower precision compared to Type I 

landmarks [21,51,52], measurements inclusive of Type II and III landmarks were 

expected to result in lower repeatability. The measurements that presented with the 

highest intra-observer error were OBH defined by Type III landmarks, OBB defined by 

Type I and III landmarks, and DKB defined by Type I landmarks. Although these 

measurements had the largest error, the difference between the original and secondary 

measurement for the three variables was only 1 mm. The measurements that displayed 

the most error in the three-way inter-observer error were DKB, OBB, and PAC. Similar 

to DKB, PAC is defined by Type I landmarks.  

DKB has long been recognized as a variable with high levels of error between 

observers on dry skeletal elements [53]. The high error associated with DKB and OBB is 

related to the location of dacryon. The ability to identify dacryon with high precision is 

likely to increase with a smaller slice thickness, as this would increase clarity in the 

images and increase reliability of Type I landmarks. For the current study, the authors 

chose to validate a retrospective data source. The slice thickness in the current research 

was smaller or comparable (0.625 mm and 1.25 mm) to the majority of recent 

publications (0.75 mm to 1.25 mm) that investigated the accuracy of measurements 

collected on CT images [2,3,48]. However, a smaller slice thickness should be considered 

if designing a prospective study.  



Similarly to the results of the current study, Utermohle and Zegura [53] and 

Utermohle et al. [54] identified PAC to be a measurement with increased levels of TEM 

even though both bregma and lambda are Type I landmarks. Suture obliteration can cause 

the landmark location to be estimated and thus higher error between observers. By 

adjusting the opacity level of the CT images, as previously described, the intersection of 

the sutures can be observed (Figure 7). The measurement error noted in PAC of current 

study emphasizes the unreliable and inaccurate placement of estimated landmarks. 

Obliterated sutures often reduces the number of measurements that can be used in 

anthropological analyses; however, the use of CT images permits a larger number of 

variables included in analyses as the opacity ramp permits visibility of obliterated 

sutures.  

Midshaft measurements from the humerus, ulna, clavicle, radius, and fibula 

presented with the highest percent differences in the postcrania, likely because midshaft 

measurements are small in size (i.e. a 1 mm difference can account for upwards of 10% 

of the error) and because midshaft measurements are not defined by anatomic landmarks 

[21,50]. When measuring the skeletal elements on CT, the most difficult aspect is not 

being able to handle the remains. For example, the bones were isolated within the CT 

image and each element was sectioned at midshaft (clavicle, humerus, radius, and fibula), 

the greatest development of the crest (ulna), or at the nutrient foramen (tibia). Through 

trial and error the measurements were obtained while simultaneously trying to orientate 

the element in anatomical position. The tibia was especially difficult, as the nutrient 

foramen appeared as a continuous groove as opposed to a groove that terminates at a 

foramen. Similar to comments regarding the location of dacryon, scanning at thinner 

slices (i.e. 0.5 mm) would generate a more detailed visualization of anatomical landmarks 

(i.e. foramina), which would result in higher measurement accuracy. Even with the 

acknowledgement of the difficulties in obtaining some postcranial measurements, all 

measurements were within 2 mm and the majority within the upper and lower agreement 

levels. Because the measurements in the current study that presented with the highest 

error are also measurements that have been identified as unreliable on dry skeletal 

remains, results suggest that the largest source of measurement error is actually human 

error and not associated with imaging.  



Fig. . 
lt oug  t e sutures a eared o literated on t e dr  cranium it  t e standard o acit  ram  le t  ad ustment o  t e o acit  ram  allo s or regma to e o ser ed rig t .



Forensic Applications 

Both forensic pathologists and forensic anthropologists can use CT scans during 

mass disaster response operations in which the practitioners work together to assist in 

identification of human remains and estimate a minimum number of individuals. In 

particular, forensic anthropologists can collect cranial and postcranial data directly from 

the CT image [55]. Additionally, CT data are stored in PACS (Picture Archiving and 

Communication System) and transmitted using DICOM (Digital Imaging and 

Communication in Medicine), which is a global information technology standard that is 

used in virtually all hospitals worldwide and is designed to produce, manage, and 

distribute images. Use of PACS allows for collaboration and/or consultation even if an 

anthropologist cannot be physically present at the scene of a mass disaster [2]. Utilization 

of CT images allow for a more efficient and less invasive way to obtain data that 

ultimately assists in victim identification. Besides being an efficient tool to facilitate 

victim identification, the use of CT images also offers a means to accommodate 

humanitarian and religious beliefs. Additionally, as the CT images are stored 

permanently in PACS, they can be reviewed if additional data needs to be collected or a 

second opinion is necessary. Although the process of obtaining measurements on CT 

images takes slightly longer than directly from dry skeletal elements and there is a 

learning curve for the software, use of CT images is nevertheless quicker than the time 

required to process a complete body.  

  Researchers in forensic anthropology are encouraged to develop population 

specific techniques as each population differs in size and shape as well as experiences 

different extrinsic factors that affect the skeleton’s biomechanical adaptation. However, 

many locations where population specific methods are needed do not have suitable 

skeletal collections to develop or validate standards. Therefore, the use of 3D-CT images 

offers a data source that one can collect metric and morphological variables and 

ultimately facilitate the creation of standards throughout the world. 

   

5. Conclusions 

The high consistency of measurements to be within the acceptable measurement 

range for anthropologists (~2 mm) validates the claim that CT images are accurate 



representations of the true objects dimensions. Furthermore, the small percent differences 

between the data sources, comparable TEM and %TEM for the inter- and intra-observer 

error, and the measurements noted as unreliable in the current study being the same 

measurements consistently recognized as unreliable on studies of dry bones suggests that 

the measurement error is because of human error rather than CT imaging (i.e. distortion). 

If a 3D reconstruction of CT images is available, the time consuming procedure of soft 

tissue removal is unnecessary to obtain metric variables, as seen in the current study, or 

morphological variables, as noted in previous publications [56]. The VR process allows 

the anthropologist to view elements from different angles and take measurements that are 

comparable to measurements obtained on dry bones. Furthermore, consultations can be 

made from anywhere in the world through the use of DICOM. However, anthropologists 

must first be competent in measurement techniques and then perfect the manipulation of 

CT images prior to data collection. The results of this study prove that measurements 

obtained from CT images can be considered accurate and reliable, and subsequently, CT 

images can be treated as a practical option for anthropologists to utilize during the 

development or validation of forensic anthropological techniques. 
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