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Abstract  

Objective: to compare quantitative kinematic 4-D CT parameters between healthy 

volunteers and pathologic patients (joint stiffness or chronic ankle instability). 

Methods: Thirteen healthy volunteers without previous ankle trauma, 18 patients with 

clinical subtalar joint stiffness and 10 patients with chronic ankle instability diagnosed based 

on clinical and imaging findings were prospectively evaluated with 4-D CT. This study was 

approved by the local ethics committee and all patients signed an informed consent. The 

subtalar joint was evaluated during a prono-supination cycle. Two angles and two distances 

between the talus and the calcaneus were measured semi-automatically and independently 

by two readers. Measurement variations were compared in these three different groups.  

Results: There were statistically significant differences between axial and coronal 

talocalcaneal angles of healthy volunteers and patients with joint stiffness (p < 0.0001). The 

best sensitivities and specificities for the identification of subtalar joint stiffness were 92-

100% and 74-94%. Mean and maximal posterior calcaneal facet uncovering were 

significantly lower in patients with chronic ankle instability patients compared to healthy 

volunteers (p < 0.006) with sensitivities and specificities of 92-95% and 80-92% respectively.  



Conclusion: Quantitative analysis in 4D CT can provide an objective criteria for the 

differentiation between healthy volunteers and patients with subtalar joint stiffness and 

chronic ankle instability.  
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Introduction  

Traumatic injury is a frequent cause of subtalar joint pathology. Complex and displaced 

calcaneal fractures can lead to subtalar joint stiffness, pain and disability related to 

secondary subtalar degenerative joint disease despite appropriate surgical fracture 

reduction [1,2]. Subtalar joint arthrodesis is indicated in cases of persistent pain upon weight 

bearing, walking or performing physical activity after calcaneal fractures [1]. There is little 

information available on the imaging evaluation of the degree of joint amplitude loss and on 

the dynamic evaluation of arthrodesis effectiveness.  

Subtalar joint injury is relatively frequent after ankle trauma (25% of ankle sprains) [3]. 

Repeated lateral ankle sprains can lead in about a third of cases to persistent pain and 

functional deficits, a condition termed chronic ankle instability [4]. Chronic ankle instability is 

most frequently associated with injuries to the calcaneofibular ligament (ankle), extensor 

retinaculum and to the cervical ligament (subtalar joint) [5]. The identification and 

assessment of the subtalar component of chronic ankle instability is of relevance as patient 

with suspected subtalar joint injury require specific treatment (most frequently 

physiotherapy, muscle strengthening and immobilization) [5]. Although clinical stress testing 

(internal rotation and varus with the ankle fixed in extension) and visual weight bearing 

evaluation of the hind foot can suggest subtalar instability, the clinical assessment of the 

subtalar joint remains difficult because this joint has a complex anatomy and biomechanics 

[3]. Additionally, there is no recognized way to objectively assess treatment response in 

patients with chronic ankle instability and in this context non-invasive quantitative analysis 

of subtalar joint motion could prove helpful.  



Imaging methods allowing a dynamic evaluation of the subtalar joint amplitude during 

motion could improve diagnostic accuracy and provide objective criteria for patient follow-

up. Dynamic 4-D CT is performed by acquiring various low-dose sequential volumes with 

high temporal resolution of a moving joint and has been used for the dynamic evaluation of 

various joints such as wrist, hip, elbow and shoulder girdle [6–11]. In a recent cadaveric and 

healthy volunteer study Gondim Teixeira et al. showed that quantitative dynamic 4-D CT 

could performed on the subtalar joint suggesting a potential role of this technique in 

assessing joint instability and stiffness [12]. Increases in joint amplitudes after section of 

subtalar ligaments in cadavers were reported, confirming the potential of this technique in 

clinical practice. Recently, the use of quantitative 4-D CT has been demonstrated in the 

wrist, providing quantitative criteria for the differentiation of patient with and without 

dissociative scapholunate instability [13,14]. In a context that CT is frequently used for the 

evaluation of patients with hind foot trauma for fracture detection and consolidation 

assessment, 4-D CT could be useful to ascertain the biomechanical impact of the injuries 

sustained [15–17]. 

We hypothesize that healthy volunteers, patients with clinical chronic ankle instability and 

subtalar joint stiffness can be differentiated based on quantitative assessment of subtalar 

joint amplitude with 4-D CT, which could provide additional diagnostic criteria for diagnosis 

and patient follow-up. Thus, four previously established 4-D CT derived parameters were 

compared in these three groups [12]. The value distribution of two angles, axial talocalcaneal 

(ATCA) used to assess subtalar internal-external rotation and coronal talocalcaneal (CTCA) 

used to assess talar tilt angles as well as two distances, medial facet gap (MFG) used to 

assess subtalar eversion laxity and posterior calcaneal facet uncovering (PCFU) used to 



assess the congruence of the posterior subtalar joint congruence were evaluated during a 

subtalar joint prono-supination cycle [3,18,19].  

 

Material and methods 

Study population 

From November 2011 to December 2012, 38 consecutive patients were prospectively 

included in this ethics committee approved study.  All patients were over 18 years-old, 

signed informed consent and underwent kinematic 4-D CT of the subtalar joint. All patients 

had been referred by orthopedic surgeons and rheumatologists for the evaluation of ankle 

pain associated with either subtalar joint stiffness or chronic ankle instability. Patients with 

metallic implants, inflammatory arthritis and congenital subtalar joint conditions were not 

included in this study. In addition, 17 healthy volunteers with no previous ankle trauma and 

a normal physical examination of the ankle who underwent kinematic 4-D CT of the subtalar 

joint were included. Physical examination was performed in all volunteers prior to CT 

acquisitions by a senior radiologist with at least five years of clinical experience. The 

evaluation of joint hyperlaxity was based on the Beighton score. One volunteer, despite an 

initial negative clinical history, had periosteal irregularities in the fibular insertion of the 

anterior talofibular ligament, which could be related to anterior ankle trauma. Two 

volunteers failed to perform a homogeneous prono-supination motion during the CT scan 

and were excluded. Two volunteers who presented clinical signs of hyperlaxity with a 

Beighton score higher than two were also excluded. Since one of the volunteers underwent 

bilateral 4-D kinematic CT, 13 ankles composed the healthy volunteer group. 



Eighteen patients with signs of stiffness were also included. Patients with post-traumatic 

clinical limitation of the subtalar joint amplitude of motion in plantarflexion, dorsiflexion and 

inversion compared to the uninjured contralateral side were considered positive for subtalar 

joint stiffness.  

Twenty patients with signs or clinical history of ankle trauma with persistent pain (at least 

one month) were evaluated. Chronic ankle instability diagnosis was confirmed when these 

patients had at least one injured ankle ligament on MRI or CT arthrography. Ligament 

sprains on MRI (T2 signal hyperintensity and thickening without clear loss in continuity), 

partial tears (partial loss in ligament continuity) and full tears (complete loss in ligament 

fiber continuity) on MRI or CT arthrography were evaluated. The lateral and medial collateral 

ligament complexes, as well as the cervical and interosseous subtalar ligaments were 

considered in the analysis. Among these patients, 10 were excluded due to unclear ankle 

trauma history, previous surgery, no ligament anomalies found on imaging, no imaging 

available and failure to perform a homogeneous prono-supination motion during the CT scan 

(one patient). Thus the chronic ankle instability group was composed of 10 ankles. Table 1 

shows the clinical characteristics and imaging findings these patients. 

Image acquisition 

Acquisitions were performed using a wide detector CT scanner with 320-detector rows 

(Aquilion ONE, Canon Medical Systems, Otawara, Japan) using intermittent sequential mode 

(no table feed), 24 cm FOV, 512x512 matrix, 0.5 mm slice thickness, tube rotation 0.35 

seconds. Tube output was 80 kVp and 65 mAs (22 mA effective). Z-axis coverage varied from 

8-12 cm depending on the patient morphology. Images were reconstructed with half 

reconstruction using bone and soft-tissue kernels. Adaptive iterative reconstruction (AIDR 



3D, Canon Medical Systems, Otawara, Japan) in the standard level was used for all 

acquisitions. 

The images were acquired during a prono-supination cycle of the subtalar joint. All 

acquisitions were unilateral. The patient was placed supine on the scanner table. The 

examination began in the maximum pronation position and ended when the foot returned 

to the starting point after supination, lasting 10-15 seconds. An elastic band was used to 

guide the movement (Fig. 1). A training session was conducted before CT acquisitions to 

ensure a controlled and homogeneous movement of patients. The volume CT dose index 

(CTDIvol) and the dose length product (DLP) of patient acquisitions were estimated based on 

a phantom 16 cm in diameter. Effective doses were calculated using a conversion coefficient 

of 0.0002 [20].  

 

Image analysis and post processing 

All measurements in pathologic patients were performed independently by two readers with 

four (A-S.F.) and two (G.B.) years of experience in musculoskeletal radiology. Reference 

measures in normal volunteers were obtained by a third reader (P.T.) with 12 years of 

experience in musculoskeletal radiology. This reader also evaluated the MRI and CT 

arthrography studies in patients with suspected chronic ankle instability performed with a 

conventional acquisition protocol. Images were post-processed in a display console 

workstation V7.0 (Canon Medical Systems, Otawara, Japan) using the 4-D Ortho clinical 

application tool. Image post-processing was as follows. All the volumes of a kinematic 

acquisition were loaded and multiplanar and 3-D volume rendered images were displayed. 

The examiner then placed a seed point on the medullary cavity of the talus and the 



registration algorithm was executed. After registration, all motion was displayed with 

respect to the talus, which remained static, serving as a reference for plane selection. The 

axial plane was defined by the long axis of the talus, coronal plane was defined by the bi-

malleolar axis and the sagittal plane was defined by the long axis of the tibia. Then, the 

examiner placed two reference markers for distance measurements and four for angular 

measurements over the cortical bone on the multiplanar reformats in a single acquisition 

volume. These markers were plotted automatically by the software to all acquisition 

volumes. Four different measurements were performed to describe the talocalcaneal 

relationship during prono-supination according to the previous work of Gondim Teixeira et 

al. [12] (Fig. 2):  

- The coronal talocalcaneal angle (CTCA). The reference markers were place in a bi-malleolar 

coronal plane with the ankle in neutral position. A line was constructed by placing two 

markers at the medial and lateral extremes of the talar dome. A second line was constructed 

in the calcaneus by placing one marker at the most lateral point of the sustentaculum tali 

and another on deepest portion of Gissagne’s angle. The angle formed between these lines 

was measured [18,21,22].  

- The axial talocalcaneal angle (ATCA). The reference markers were placed in the axial plane 

passing through the long axis of the talus. At the level of the talus, the slice depicting the 

summit of the talar head and on the postero-medial process of the talus (Stieda process) was 

selected. A line was constructed by placing one marker on each of these two points. At the 

level of the calcaneus, two markers were placed in a slice depicting the middle of the 

calcaneocuboid articular facet and another on midpoint of the posterior calcaneal surface. A 



line between two markers was constructed. The angle formed between these lines was 

measured [3]. 

- Medial facet gap (MFG). The reference markers were place with the ankle in neutral 

position. The slice depicting the most lateral point on the medial facet of the talus without 

partial volume effect was selected. In this slice, markers were placed on the medial facets of 

the talus and the calcaneus so that the shortest distance between these two bones was 

measured [22].  

- Posterior calcaneal facet uncovering (PCFU). This measurement was performed in a sagittal 

plane with the ankle in neutral position was selected. The reference markers were placed 

using the volume depicting full ankle supination. The markers were placed at the extremes 

of the largest distance between the center of Gissagne’s angle (identified based on bone 

contours and the location of the nutrient foramina) and the anterior border of the posterior 

facet of the talus [19]. 

Once the land marks for marker placement were established, the post-processing time per 

data set including data loading, bone locking and performing the four measurements 

described lasted roughly 15 minutes.  

Statistics 

Statistical analysis was carried out using the R software (Version 3.0.0, The R Foundation for 

Statistical Computing, Vienna, Austria) with the pROC and IRR packages [23]. The changes in 

ratio and absolute values of the measures acquired were compared. Ratios were calculated 

by dividing the values obtained by the maximum pronation value. Ratios were calculated 

because the direct comparison of absolute values is imprecise due to technical factors, such 



as minor variations in reference position and differences in bone size between subjects. For 

each subject, four measurements were performed two angles (CTCA and ATCA) and two 

distances (MFG and PCFU). For each measurement a series of ratios was available (e.g. one 

value for each phase of the dynamic acquisition). For each measurement series acquired, the 

mean, standard deviation (SD), coefficient of variation (CV), maximal values, minimal values 

and amplitude variation were analyzed to assess subtalar joint motion during prono-

supination. Intraclass correlation coefficients for the ratios of each of the parameters 

evaluated were calculated to assess measurement inter-observer variability. ICC values of 0–

0.20 were considered slight agreement, 0.21–0.40 fair, 0.41–0.60 moderate, 0.61–0.80 

substantial, and 0.81–1 was accepted as excellent agreement. The results were presented on 

average ± standard deviation. The Wilcoxon   test was used to assess the statistical 

significance of the parameters evaluated between the subgroups evaluated (healthy 

volunteers versus patients with subtalar joint stiffness and healthy volunteers versus patient 

with chronic ankle instability). A Bonferroni correction was applied to account for multiple 

comparisons and a P value < 0.003 was considered as the threshold for statistical 

significance. ROC analysis was performed for all parameters (mean, SD, CV and amplitude) 

that showed a statistically significant differences between volunteers/patients with joint 

stiffness and volunteers/patients with joint instability. 

 

Results  

There were four men and eight women in the healthy volunteer group (Male/female ratio = 

0.5) with a mean age of 32.7 ± 7.2 years, ranging from 24 to 50 years.  Mean values of CTCA, 

ATCA, MFG and PCFU in healthy volunteers were 23.6 ± 8.3°, 14.8 ± 6.6°, 7.1 ± 4.4 mm and 



16.3 ± 1.8 mm respectively. Among healthy volunteers CV values were higher in angular than 

in distance parameters (36% and 45.8% for CTCA and ATCA respectively compared to 20% 

and 11.4% for MFG and PCFU respectively) (Fig. 3). 

The interobserver variability of the measurements performed in the patients evaluated was 

considered excellent with ICC values of 0.92 in patients with chronic ankle instability. In this 

subgroup angular measurement presented excellent while distance measurement presented 

substantial interobserver variabilities (ICC = 0.94 for ATCA/CTCA and 0.72 and 0.75 for MFG 

and PCFU respectively). The interobserver variability was also considered excellent with ICC 

values of 0.81 in patients with joint stiffness. In this subgroup CTCA and PCFU presented an 

excellent interobserver variability (0.93 and 0.9 respectively) while it was substantial with 

ATCA (0.79) and moderate with MFG (0.44). The mean CTDI volume, DLP and effective dose 

of the studies performed were 20.6 ± 5.6 mGy, 168.1 ± 43.7 mGy.cm and 0.067 ± 0.01 mSv, 

respectively. 

Patients with subtalar joint stiffness 

There were eight men and ten women among patients with subtalar joint stiffness 

(Male/female ratio = 0.8). The age in this group was higher than that of the healthy 

volunteers with a mean age of 52.8 ± 11.8 years ranging from 26 to 71 years.  Mean values 

of all parameters evaluated in this subgroup and the P values with respect to healthy 

volunteer data are presented in table 2. Compared to normal volunteers there was a general 

tendency towards reduction in the parameters evaluated in patients with subtalar joint 

stiffness. With both angles and MFG, amplitude and CV values had a statistically significant 

difference between volunteers and patients with subtalar joint stiffness for both readers (P 

<0.0011)(Fig. 4)(Supplementary material 1). If the CV and amplitude values of CTCA, ATCA 



and MFG were considered there was a 54-67% value reduction in patients with subtalar joint 

stiffness with respect to healthy volunteers. As expected, maximum values of were also 

lower in patients with joint stiffness compared to healthy volunteers, with the exception of 

MFG values for reader 1. However, these differences were only significant with PCFU. 

After ROC analysis, for both readers, PCFU yielded the best sensitivity for subtalar joint 

stiffness identification. Sensitivity was 92% with PCFU maximal values (cut off 17mm) and CV 

(6% cut off) and of a 100% using PCFU amplitude (1.6 mm). Both angular measurements 

(CTCA and ATCA) yielded the best specificity values for both readers varying from 74-94%. 

CTCA CV yielded the highest sensitivity for both readers (85-94% with a 28% cut off). The 

diagnostic performance of maximum values, CV and variation amplitude for all angles and 

distances measured is presented on Table 3. 

 

Patients with Chronic ankle instability 

There were four men and six women among patients with chronic ankle instability 

(Male/female ratio = 0.66) with a similar age then healthy volunteers mean age of 32.6 ± 9 

years ranging from 21 to 47 years. There are no records of surgical treatment following 

imaging for these patients in our database.  Mean values of all parameters evaluated in this 

subgroup and the P values relative to healthy volunteer data are presented in table 4. The 

only measurement that yielded statistically significant differences with respect to the 

healthy volunteer group for both readers was PCFU maximum values. There was a 25%-44% 

decrease in maximal values PCFU for readers 1 and 2 respectively (P varied from < 0.001) in 

patients with chronic ankle instability. The PCFU CV values increased in patients with chronic 

ankle instability compared to healthy volunteers for both readers (29%-48% increase for 



readers 1 and 2 respectively)(Fig. 5)(Supplementary material 2). These differences, however, 

were not statistically significant (P = 0.31 and 0.006 for readers 1 and 2 respectively). With 

ROC analysis performed with PCFU derived parameters, maximal values yielded the best 

sensitivity 92-95% and the best specificities 80-92% (cut off 17mm) for the identification of 

chronic ankle instability.  

For reader one, mean and maximum MFG were higher (23.4% and 16.6% respectively) in 

patients with chronic ankle instability compared to healthy volunteers. Reader two data 

showed a slight decrease in mean and maximum MFG values in chronic ankle instability (-

5.3% and -5.7%). These differences, however, were not statistically significant (P > 0.016).  

Discussion 

The differentiation between healthy volunteers and patients with subtalar joint stiffness and 

chronic ankle instability was possible with kinematic 4-D CT. There were significant changes 

in all parameters evaluated (ATCA, CTCA, MFG and PCFU) between volunteers and patients 

with joint stiffness (P varying from <0.0001 to 0.0015). In patients with chronic ankle 

instability PCFU values were significantly different than those of healthy volunteers (P values 

varying from <0.0001 to 0.001). Measurement ratio interobserver reproducibility in 

pathologic patients was considered to be excellent (ICC > 0.81) which is a considerable 

advantage of this semi-automatic method compared to manual measurements [24]. The 

interobserver reproducibility of each individual measurement was considered substantial to 

excellent (ICC varying from 0.72 to 0.94) with the exception of MFG in patients with joint 

stiffness which was considered moderate (ICC = 0.4). This finding could be related to 

difficulties in marker placement in patients with calcaneal morphologic changes secondary 

to fractures. Moreover, the effective dose was lower than < 0.1 mSv. These results indicate 



that kinematic 4-D CT can have a potential role in the evaluation of subtalar joint pathology 

providing means for an objective joint amplitude assessment which could improve the 

accuracy in identifying subtalar involvement in patients with chronic ankle instability and a 

more precise assessment of subtalar joint stiffness.  

In patients with subtalar joint stiffness, there was a significant reduction in the variation 

amplitude of all measurements performed (p < 0.02). CTCA, ATCA and MFG were the best 

measurements for the identification of subtalar joint stiffness with a reduction of more than 

50% of the CV and variation amplitude with respect to healthy volunteers. The performance 

of kinematic 4-D CT for the identification of patients with clinical joint stiffness was also 

good. PCFU related parameters yielded the best sensitivities (92-100%) and the best 

specificity was reached when CV and variation amplitude of angular measurements (CTCA 

and ATCA) were assessed (72-94%). Thus, Kinematic 4-D CT could be an interesting option to 

objectively confirm and grade subtalar joint stiffness. This method could also be interesting 

for the evaluation of the effectiveness of orthopedic constraint devices and surgical 

arthrodesis on subtalar joint motion by detecting and quantifying residual micro motion.  

Although PCFU analysis yielded statistically significant results for the differentiation between 

healthy volunteers and patients with chronic ankle instability (p < 0.001) with high sensitivity 

and specificity values (92% and 95% respectively). This data should be interpreted with 

caution. There was a reduction in mean and maximal PCFU in this patient group compared to 

healthy volunteers, which could seem paradoxical. Patients with chronic ankle instability 

usually present with pain and proprioception issues with apprehension during subtalar joint 

motion [25,26]. This could explain at least partially the reduction in PCFU values compared 

to normal volunteers. Although statistically significant for reader 2 only (P = 0.006), both 



readers identified an increase in the CV of PCFU in patients with instability compared to 

healthy volunteers (24%-48%). These findings should be confirmed by larger studies but may 

suggest a change in the respective motion between the talus and calcaneus in patients with 

joint instability even if maximal joint amplitudes remain normal or decreased, a 

phenomenon similar to carpal bone hysteresis [27].  

In a previous cadaveric study on subtalar joint 4-D CT it was suggested that MFG assessment 

would be better suitable for the evaluation of subtalar joint instability as this parameter 

presented the highest increase before and after resection of subtalar joint ligaments 

(cervical and interosseous)[12]. In the present study, the mean and maximum MFG were 

higher in patients with chronic ankle instability compared to normal volunteers only for one 

of the readers and these differences were not statistically significant (P > 0.015). This could 

be at least partially explained by the fact that the injuries sustained by the evaluated 

patients were likely less severe than the full tearing of the cervical and interosseous 

ligaments created in the prior cadaveric study. Additionally, the small number of patients in 

the chronic instability group could have also contributed to this discrepancy.   

Various limitations of this study must be acknowledged. The subtalar joint has not been 

evaluated under weight-bearing conditions. This could lead to an underestimation of the 

diagnostic performance of kinematic 4-D CT for the identification of subtalar joint pathology, 

especially in patients with chronic ankle instability. A device allowing kinematic ankle 

imaging under stress is currently being developed. Such a device is could increase the 

diagnostic performance of this method [28]. Another limitation is the size of the study 

population in general but particularly in the chronic ankle instability group. As the non-

surgical confirmation of chronic ankle instability is challenging, we chose to use strict clinical 



and imaging criteria, which led to a 50% reduction of the initial patient population. Thus, 

studies with larger patient groups are needed to confirm the presented findings.  Some 

patients did not succeed in performing adequate subtalar joint prono-supination which may 

suggest the need for a more aggressive guidance of patient motion. The ligament lesions 

visualized on MRI and CT arthrography were not surgically confirmed as the patients 

included were not managed surgically. This evaluation, however, was performed by an 

experienced musculoskeletal radiologist based on previously described imaging criteria. 

Further studies are also necessary to compare the diagnostic performance of stress MRI and 

kinematic 4-D CT. 

In conclusion, Kinematic 4-D CT is an objective and reproducible tool for the evaluation of in 

vivo subtalar joint motion. This method could provide objective criteria subtalar joint 

assessment with a potential impact on patient management as there were significant 

changes in the quantitative parameters evaluated in patients with subtalar joint stiffness and 

patients with chronic ankle instability with respect to healthy volunteers with high 

sensitivities and specificities. Although further studies in larger patient populations and with 

weight bearing simulation are needed, particularly in patients with chronic ankle instability, 

kinematic 4-D CT shows potential for the objective evaluation of patients with subtalar joint 

pathology.   
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Tables 
 
Table 1 – Clinical and demographic characteristics of patients in the chronic ankle instability 
group. 
 
Patients Sex Age Clinical findings Imaging findings 

1 F 42 Ankle sprain 7 months prior, 
instability sensation and pain 

ATFL and CFL sprain on MRI 

2 F 21 Prior history of severe ankle trauma, 
persistant pain 

ATFL full tear and DL sprain on MRI 

3 F 47 Severe ankle trauma 2 year prior, 
persistant pain 

ATFL full tear on CT arthrography  

4 M 33 Multiple ankle sprains, persistant 
pain 

ATFL full tear on MRI 

5 M 34 Multiple ankle sprains, recent acute 
sprain 

ATFL full tear, CFL sprain, DL partial tear, 
cervical ligament sprain 

6 M 21 Multiple prior sprains, persistant 
pain 

ATFL partial tear, Anterior tibiofibular 
ligament sprain on MRI 

7 F 42 Ankle sprain 6 months prior, 
persistant pain 

ATFL full tear, CFL and DL sprain on MRI 

8 M 28 Ankle sprain 6 months prior, 
instability sensation and pain 

ATFL full tear, DL partial tear, posterior 
tibiofibular ligament sprain on CT 

arthrography 
9 F 25 Multiple sprains, persistant pain ATFL full tear on MRI 

10 F 31 Multiple prior ankle sprains, recent 
acute sprain 

ATFL and CFL full tear on MRI 

 
ATFL = Anterior talofibular ligament 
CFL = Calcaneofibular ligament 
DL = Deltoid ligament 
 
 

  



Table 2 – Mean values of all parameters evaluated in patients with subtalar joint stiffness 
and variation with respect to healthy volunteers. 
 

Reader 1 Mean Sdev Variation P Value CV Variation P Value Amplitude Variation P Value Max Variation P Value 

CTCA (°) 20.0 3.1 -17.9% 0.2935 15.5% -57.0% 0.0002* 8.2 -61.6% 0.0002* 24.4 -32.6% 0.0065 

ATCA(°) 12.8 2.4 -15.1% 0.1697 19.0% -58.6% 0.0003* 6.4 -62.7% 0.0000* 15.9 -27.3% 0.0095 

MFG (mm) 8.3 0.6 14.8% 0.0464 6.8% -66.1% 0.0001* 1.6 -57.7% 0.0015* 9.2 5.6% 0.9520 

PCFU (mm) 12.4 1.0 -31.8% 0.0001* 8.1% -28.8% 0.0965 2.6 -44.7% 0.0181 13.8 -27.4% 0.0001* 

              

              
Reader 2 Mean Sdev Variation P Value CV Variation P Value Amplitude Variation P Value Max Variation P Value 

CTCA (°) 18.0 2.8 -31.2% 0.1245 14.5% -59.7% 0.0001* 7.5 -65.0% 0.0001* 22.0 -39.4% 0.0004* 

ATCA(°) 15.9 2.3 7.5% 0.5404 14.9% -67.4% 0.0000* 5.9 -65.1% 0.0002* 18.6 -15.2% 0.2754 

MFG (mm) 6.1 0.6 -17.5% 0.0475 9.1% -54.8% 0.0011* 1.5 -59.2% 0.0010* 6.8 -21.9% 0.0172 

PCFU (mm) 8.6 1.0 -89.5% 0.0000* 11.3% -0.8% 0.4114 2.8 -41.6% 0.0354 10.1 -46.7% 0.0000* 

* Statistically significant P values 
CTCA = Coronal talocalcaneal angle 
ATCA = Axial talocalcaneal angle 
MFG = Medial facet gap 
PCFU = Posterior calcaneal facet uncovering 

 
 
  



Table 3 – Diagnostic performance of the statistically significant parameters evaluated in 
patients with subtalar joint stiffness using healthy volunteer data as the standard of 
reference. 
 

  SUBTALAR JOINT STIFFNESS 

ATCA Reader 1 Reader 2   

Specificity Sensitivity Specificity Sensitivity cut off 

Max 61% 85% 85% 84% 19.4° 

CV 72% 85% 89% 85% 31% 

Amplitude 94% 85% 78% 77% 13.1° 

        

CTCA Reader 1 Reader 2   

Specificity Sensitivity Specificity Sensitivity cut off 

Max 72% 85% 72% 85% 28.8° 

CV 94% 85% 89% 85% 28% 

Amplitude 72% 92% 72% 92% 11.5° 

        

PCFU Reader 1 Reader 2   

Specificity Sensitivity Specificity Sensitivity cut off 

Max 78% 92% 100% 92% 17mm 

CV 50% 92% 50% 92% 6% 

Amplitude 50% 100% 50% 100% 1.6mm 

        

MFG Reader 1 Reader 2   

Specificity Sensitivity Specificity Sensitivity cut off 

Max 56% 62% 83% 62% 8.8mm 

CV 72% 100% 61% 100% 9% 

Amplitude 72% 85% 72% 85% 2mm 

      

 
CTCA = Coronal talocalcaneal angle 
ATCA = Axial talocalcaneal angle 
MFG = Medial facet gap 
PCFU = Posterior calcaneal facet uncovering 
CV = Variation coefficient 
Max = maximum value 

 
  



Table 4 – Mean values of all parameters evaluated in patients with chronic ankle instability 
and variation with respect to healthy volunteers. 
 

Reader 1 Mean Sdev Variation p Value CV Variation p Value Amplitude Variation p Value Max Variation p Value 

CTCA (°) 23.7 6.4 0.3% 0.879 29.1% -23.7% 0.115 16.8 -27.7% 0.148 32.4 -11.7% 0.410 

ATCA(°) 13.1 5.2 -12.9% 0.049 47.4% 3.3% 0.446 13.2 -28.7% 0.04 19.3 -13.4% 0.036 

MFG (mm) 9.3 0.9 23.4% 0.016 9.9% -50.7% 0.015 2.3 -61.3% 0.067 10.5 16.6% 0.047 

PCFU (mm) 12.5 2.0 -30.6% 0.006 16.2% 29.4% 0.313 5.1 8.3% 0.733 15.2 -25.2% 0.001* 

              

              
Reader 2 Mean Sdev Variation p Value CV Variation p Value Amplitude Variation p Value Max Variation p Value 

CTCA (°) 20.46 5.79 -15.42% 0.166 29.2% -23.1% 0.343 15.1 -41.7% 0.036 28.2 -28.8% 0.015 

ATCA(°) 17.47 5.68 15.51% 0.976 37.6% -21.7% 0.563 14.7 -16.1% 0.420 24.6 11.0% 0.832 

MFG (mm) 6.76 1.16 -5.28% 0.756 19.0% -5.6% 0.605 3.0 -24.2% 0.321 8.3 -5.7% 0.598 

PCFU (mm) 10.17 2.16 -60.36% 0.000* 22.1% 48.4% 0.006 5.6 16.0% 0.128 13.2 -44.3% 0.000* 

 
* Statistically significant P values 
CTCA = Coronal talocalcaneal angle 
ATCA = Axial talocalcaneal angle 
MFG = Medial facet gap 
PCFU = Posterior calcaneal facet uncovering 

  



Figure legends 

Fig. 1 – Series of photographs demonstrating patient positioning and motion in a prono-

supination cycle. Images 1, 2 and 3 demonstrate subtalar joint pronation, neutral position 

and supination respectively. The gray elastic band is used to guide motion throughout the 

prono-supination cycle. 

Fig. 2 – Position of the reference markers for the four measurements evaluated. All markers 

were placed on the multiplanar reformats on the cortical bone. A) Coronal image at the bi 

malleolar plane showing the coronal talocalcaneal angle (CTCA): Two makers were placed on 

the medial and lateral extremes of the talar dome (line 1) and two were placed at the lateral 

most-point of the sustentaculum tali and another on deepest portion of Gissagne’s angle 

(line 2). The angle between these two lines represented the CTCA. B) Axial images showing 

the axial talocalcaneal angle (ATCA): One marker was placed on the summit of the talar head 

and another on the postero-medial process of the talus (Stieda process) (line 1). At the level 

of the calcaneus, one marker was placed in the middle of the calcaneocuboid articular facet 

and another in the middle of the posterior calcaneal surface. The angle between these two 

lines represented the ATCA. C) Medial sagittal image showing the medial facet gap (MFG) 

measuring procedure: markers were placed on the narrowest point between the medial 

facets of the talus and the calcaneus. The distance between these two markers represented 

the MFG. D) Sagittal image going through the center of Gissagne’s angle showing the 

posterior calcaneal facet uncovering (PCFU). The markers were place at the extremes of the 

largest distance between the center of Gissagne’s angle and the anterior border of the 

posterior facet of the talus. The distance between these two markers represented the PCFU.  

 



 

Fig. 3 – Graphic demonstrating the ratio variation of the coronal talocalcaneal angle (CTCA), 

axial talocalcaneal angle (ATCA), medial facet gap (MFG) and posterior calcaneal facet 

uncovering (PCFU) in a 25 year-old female during prono-supination of the subtalar joint. 

Fig. 4 – 66 year-old male with a history of proximal tibial fracture treated surgically 

presenting ankle pain and subtalar joint stiffness. A) Anteroposterior radiograph of the right 

leg depicting a chronic comminutive tibial fracture (arrow) and a transverse mid shaft fibular 

fracture (arrowhead). B) Sagittal CT imaging demonstrating signs of diffuse bone 

demineralization with mottled areas of bone resorption suggesting the diagnosis of type I 

complex regional pain syndrome. C) Graphic demonstrating the ratio variation of the coronal 

talocalcaneal angle (CTCA), axial talocalcaneal angle (ATCA), medial facet gap (MFG) and 

posterior calcaneal facet uncovering (PCFU). Note the global decrease in joint amplitude 

compared to normal subjects. 

Fig. 5 – 25 year-old female with a history of multiple ankle sprains and persistent ankle pain. 

A) Axial T2-weighted fat-saturated MR image of the ankle demonstrating a loss of fiber 

definition and signal hyperintensity of the anterior talofibular ligament. particularly adjacent 

to the fibular insertion (arrow). Graphic demonstrating the ratio variation of the coronal 

talocalcaneal angle (CTCA), axial talocalcaneal angle (ATCA), medial facet gap (MFG) and 

posterior calcaneal facet uncovering (PCFU). Despite similar motion amplitudes with respect 

to healthy volunteers there is a change in curve morphology of unclear significance. 

 



Supplementary material 1 – Lateral view of a 4D volume rendered CT images of 66 year-old 

male with subtalar joint stiffness. 

 

Supplementary material 2 – Lateral view of a 4D volume rendered CT images of 25 year-old 

female with chronic ankle instability. 




















