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Abstract
Objective To analyze three-dimensional carpal malalignment and height in scaphoid non-union advanced collapse 
(SNAC) wrists.

Materials and methods Twelve cone-beam CT scans of SNAC wrists were analyzed using computer-aided software 
to define 3D carpal axes and measure intercarpal angles and carpal height ratio. Comparative data included 121 
healthy wrists and 18 wrists with scapholunate advanced collapse (SLAC).

Results SNAC wrists showed dorsal angulation of the lunate and even greater dorsal angulation of the triquetrum, 
resulting in an increased sagittal scapholunate angle and a decreased sagittal lunotriquetral angle compared to 
healthy wrists. Compared to SLAC wrists, SNAC wrists had similar sagittal radiolunate and scapholunate angles but a 
significantly lower lunotriquetral angle. Nonunions in the middle and distal third were associated with greater dorsal 
angulation of the lunate than proximal third nonunions. In the coronal plane, SNAC wrists showed ulnar tilting of 
the capitate and hamate compared to healthy wrists. Carpal height ratio was significantly decreased compared with 
healthy wrists but comparable to SLAC wrists.

Conclusion Scaphoid nonunion location influenced alignment, with proximal nonunions associated with reduced 
dorsal angulation of the lunate. SNAC wrists differ from SLAC wrists in exhibiting a decreased sagittal lunotriquetral 
angle, indicating a distinct pathomechanism of carpal instability.
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Introduction
Scaphoid fractures carry the risk of nonunion, initiating a 
progressive sequence of carpal malalignment and degen-
eration. This malalignment, termed dorsal intercalated 
segment instability (DISI) [1], is characterized by dorsal 
angulation of the lunate and proximal scaphoid, while 
the distal scaphoid angulates palmarly [2]. These changes 
disrupt carpal kinematics and force distribution, often 
leading to carpal collapse [3, 4] and osteoarthritis (OA) 
known as scaphoid non-union advanced collapse (SNAC) 
[5, 6]. The influence of scaphoid non-union location 
on the severity of DISI remains inconclusive [2, 7–10]. 
The SNAC wrists demonstrate a progressive OA pat-
tern, similar to that seen in scapholunate advanced col-
lapse (SLAC) wrists, with a difference that the proximal 
scaphoid fragment typically remain unaffected by OA 
changes. In SNAC wrists, degeneration begins at the dis-
tal radioscaphoid joint and progresses to the midcarpal 
joint [5, 6]. Recent studies, however, have questioned the 
consistency of this OA progression pattern [10, 11].

Current understanding of the carpal pathological defor-
mities relies on visual assessment and manual measure-
ment of carpal angles and distances among the scaphoid, 
lunate and capitate on lateral radiographs [12, 13]. The 
advent of cone-beam CT technology and computer-aided 
analysis, involving segmentation and mathematical mod-
elling, have enabled three-dimensional assessment of car-
pal alignment and intercarpal relationships, significantly 
enhancing accuracy and reliability of these evaluations 
[14–16]. A comprehensive database of three-dimensional 
carpal alignment and carpal height ratios in 121 healthy 
wrists has been established [15, 17], with recent studies 
extending these parameters to SLAC wrists [17].

This study aimed to analyze the three-dimensional car-
pal malalignment and height ratio in SNAC wrists using 
computer-aided cone-beam CT analysis. The association 
between the location of scaphoid non-union and carpal 
alignment was examined. These findings were compared 
with previously reported data on healthy wrists [15] and 
SLAC wrists [17]. We hypothesized that SNAC wrists 
exhibit distinct carpal alignment patterns compared to 
healthy and SLAC wrists.

Materials and methods
Image acquisition
To identify the SNAC group, a retrospective chart review 
of hospital records was conducted for patients who had 
undergone or were scheduled for a wrist salvage proce-
dure between October 2018 and December 2021. Cases 
were identified using the Nordic Medico-Statistical Com-
mittee (NOMESCO) procedure classifications of Surgi-
cal Procedure (NCSP) codes NDG20, NDG00, NDK10 
or NDG39, ensuring preoperative wrist cone-beam 
CT imaging (NCSP codes ND1AI, ND1BI or ND1CI). 

Medical and radiological records were reviewed to iden-
tify patients with scaphoid non-union and radiologically 
confirmed carpal OA characterized by joint space nar-
rowing at the radioscaphoid, scaphocapitate, lunocapitate 
and/or triquetrohamate joints. Patients were excluded 
if they lacked preoperative cone-beam CT scans, were 
under 18 years old, had rheumatoid arthritis or other 
inflammatory joint disease, had Kienböck’s disease, had 
a history of wrist trauma other than scaphoid fracture/
nonunion, or had undergone prior wrist surgery. Finally, 
twelve patients (mean age 41.8 years, SD 8.1 range 26.6–
56.1) met the inclusion criteria, comprising 11 men and 
1 women, with 12 affected wrists (5 right, 7 left). SNAC 
severity was classified using Vender’s grading system as 
grade 1 in three cases, grade 2 in five cases, and grade 
3 in four cases [5]. Scaphoid nonunion was classified by 
location as distal third in one case, middle third in five 
cases, and proximal third in six cases [10].

For comparative analysis, two control groups were 
identified. The SLAC control group included 15 patients 
(mean age 55.9 years, SD 10.7, range 26.1–73.3, 12 men, 
3 women) with 18 SLAC wrists (10 right and 8 left). The 
SLAC wrists were retrospectively identified alongside 
with SNAC wrists using the same criteria, except that the 
history of wrist trauma other than scapholunate dissocia-
tion – rather than scaphoid fracture/nonunion – was an 
exclusion criterion. The medical records and CT scans 
were reviewed to confirm a widened scapholunate inter-
val and a radiologically verified carpal OA as detailed in a 
previous study [17].

The healthy control group consisted of prospectively 
collected data from 121 asymptomatic wrists (61 right 
and 60 left) of 121 volunteers (mean age 37.7 years, SD 
10.4, range 20–60, 69 men, 52 women) who underwent 
cone-beam CT imaging (Planmed Verity, Planmed Ltd) 
as previously described [15, 16]. The pseudonymized 
cone-beam CT scans were exported in Digital Imaging 
and Communications in Medicine (DICOM) format.

Computer-aided analysis
The computer-aided image analysis software (Bonelogic 
Hand & Wrist, Disior Ltd, Helsinki, Finland) used in this 
study processed cone-beam CT scans to automatically 
generate a patient-specific 3D wrist model by register-
ing numerical 3D models for each bone. Standardized 
3D axes were defined for the carpal bones, with specific 
geometric axes for the distal radius, proximal third meta-
carpal bone, non-united scaphoid, and capitate [17]. For 
non-united scaphoid, the software approximated the 
scaphoid as a single, unified structure despite its divi-
sion into two fragments. For the lunate, triquetrum and 
hamate, the normals of the distal articular surface were 
used, whereas for the trapezium and trapezoideum, the 
normals of the proximal articular surface were employed 
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[15]. The computer calculated 3D axes of carpal bones 
are visualized on Figs. 1a and 1b (Fig. 1). The alignment 
of these axes were calculated in the sagittal and coronal 
planes using the radial coordinate system as described in 
previous studies [15, 18], with palmar and ulnar direc-
tions defined as positive. Intercarpal angles were cal-
culated as the difference between distal and proximal 
radiocarpal angles (sagittal plane) or the ulnar and radial 
radiocarpal angles (coronal plane). The carpal height 
ratio, defined as the distance from distal radius articu-
lar surface to the distal articular surface of the capitate 
divided by the distance from the proximal to distal sur-
face of the capitate along its geometric axis, was also cal-
culated as detailed previously [17].

Statistical analysis
Normal distribution of the carpal angle measurement 
results was confirmed with the Kolmogorov–Smirnov 
and Shapiro–Wilk tests. Normally distributed data are 
presented as mean with standard deviation (SD) and 
range (minimum–maximum). Pearson chi-square test 
was used to assess whether there were a statistically sig-
nificant differences in sex and the analyzed wrist side 
between groups. Student’s t-test was used to determine 
whether there was a statistically significant difference 
in age between the groups. Pearson correlation (r) was 
calculated between carpal height ratio and normally dis-
tributed continuous variables. Spearman’s correlation 
coefficient (ρ) was calculated between carpal height ratio 
and non-normally distributed continuous variables. The 

Fig. 1 Presenting the computer calculated 3D axes of carpal bones in posteroanterior (a) and lateral (b) views

 



Page 4 of 8Alanen et al. BMC Musculoskeletal Disorders          (2025) 26:423 

correlation coefficients, whether positive or negative, 
were classified as strong (0.75–1), moderate (0.5–0.75), 
weak (0.25–0.5), or as no (0–0.25) correlation. A receiver 
operating characteristics (ROC) curve analysis was plot-
ted for each carpal angle to identify the area under the 
curve (AUC), and the optimal cut-off value for the pre-
diction SNAC wrist was chosen to be the maximum 
value of Youden index. A two-tailed p-value < 0.05 was 
considered statistically significant, 95% confidence inter-
vals were used.

Results
In the SNAC group, there was a significantly higher 
prevalence of males compared to the healthy wrist group 
(p = 0.027) but there was no difference in gender distribu-
tion when compared to the SLAC group (p = 0.622). No 
significant differences were observed in age (p = 0.117) or 
left/right ratio of the imaged wrists (p = 0.764) between 
the SNAC and healthy wrist groups.

Tables  1 and 2 present the sagittal and coronal radio- 
and intercarpal angles, respectively. No statistically 

Table 1 Comparison of the sagittal radio- and intercarpal angles among the SNAC, SLAC, and healthy wrist groups
SNAC SLAC Healthy p1 p2

Radioscaphoid 61 (10; 47 to 79) 68 (11; 42 to 85) 58 (10; 21 to 84) 0.152 0.453
Radiolunate -28 (9; -43 to -12) -31 (10; -49 to -14) 0 (11; -27 to 33) 0.634 < 0.001
Radiotriquetral -21 (6; -30 to -8) -11 (16; -44 to 18) 12 (8; -11 to 27) 0.055 < 0.001
Radiotrapezium 6 (10; -13 to 21) 16 (15; -21 to 34) 17 (8; -6 to 32) 0.126 0.010
Radiotrapezoid -19 (12; -42 to -2) -10 (13; -39 to 9) -10 (7; -29 to 6) 0.207 0.066
Radiocapitate -23 (15; -51 to 1) -24 (14; -50 to -2) -17 (9; -48 to 2) 0.979 0.496
Radiohamate 3 (14; -16 to 22) 4 (13; -18 to 24) 2 (7; -14 to 22) 0.995 0.993
Radiometacarpal -7 (11; -25 to 10) -6 (12; -32 to 9) -9 (7; -26 to 4) 0.996 0.968
Scapholunate -89 (16; -118 to -67) -100 (11; -125 to -76) -58 (9; -80 to -40) 0.157 < 0.001
Lunotriquetral 6 (7; -3 to 19) 20 (11; 1 to 46) 12 (8; -7 to 36) < 0.001 0.045
Scaphotrapezium -55 (9; -66 to -39) -53 (14; -84 to -28) -41 (10; -63 to -11) 0.758 < 0.001
Scaphotrapezoid -80 (10; -99 to -69) -79 (12; -107 to -53) -67 (9; -89 to -46) 0.915 < 0.001
Scaphocapitate -84 (11; -98 to -62) -93 (12; -125 to -79) -74 (11; -99 to -46) 0.074 0.012
Lunocapitate 5 (18; -28 to 35) 7 (12; -16 to 32) -17 (11; -55 to 13) 0.938 < 0.001
Lunohamate 31 (18; 7 to 61) 35 (11; 16 to 56) 2 (10; -20 to 27) 0.818 < 0.001
Triquetrohamate 24 (16; 4 to 51) 15 (16; -14 to 46) -10 (7; -23 to 10) 0.339 < 0.001
Capitometacarpal 15 (7; 7 to 26) 18 (8; 1 to 34) 8 (6; -4 to 26) 0.435 < 0.001
Capitohamate 26 (7; 18 to 41) 29 (7; 13 to 42) 19 (6; 7 to 41) 0.415 0.001
Data is presented as the mean (SD; range) in degrees; p1: comparison of results between the SNAC and SLAC groups; p2: comparison of results between groups the 
SNAC and Healthy wrist goups; Statistically significant p-values are shown in bold

Table 2 Comparison of the coronal radio- and intercarpal angles among the SNAC, SLAC, and the healthy wrist groups
SNAC SLAC Healthy p1 p2

Radioscaphoid -40 (9; -57 to -31) -40 (14; -65 to -17) -42 (9; -76 to -26) > 0.90 0.846
Radiolunate -21 (5; -29 to -13) -23 (6; -35 to -13) -20 (4; -32 to -10) 0.549 0.780
Radiotriquetral -49 (5; -57 to -39) -52 (6; -35 to -13) -49 (4; -60 to -39) 0.126 > 0.9
Radiotrapezium -29 (12; -52 to -14) -34 (7; -45 to -20) -32 (6; -43 to -17) 0.582 0.865
Radiotrapezoid -15 (14; -38 to 7) -15 (8; -33 to -3) -16 (5; -28 to -6) > 0.9 > 0.9
Radiocapitate 11 (11; -11 to 26) 8 (9; -6 to 26) 2 (7; -12 to 23) 0.636 0.002
Radiohamate 14 (8; -5 to 24) 8 (5; 1 to 18) 8 (6; -6 to 22) 0.017 0.002
Radiometacarpal 8 (8; -10 to 19) 2 (6; -7 to 15) 2 (5; -10 to 14) 0.146 0.103
Scapholunate 19 (10; 1 to 37) 18 (14; -2 to 41) 22 (8; 6 to 58) > 0.9 0.715
Lunotriquetral -28 (3; -35 to -23) -30 (6; -38 to -17) -29 (5, -43 to -18) 0.700 0.422
Scaphotrapezium 11 (13; -20 to 24) 6 (14; -21 to 30) 10 (9; -10 to 43) 0.799 > 0.9
Scaphotrapezoid 25 (14; -3 to 45) 25 (15; -5 to 51) 26 (9; 2 to 60) > 0.90 > 0.9
Scaphocapitate 51 (13; 25 to 73) 48 (16; 18 to 73) 44 (10; 28 to 90) > 0.9 0.322
Lunocapitate 32 (9; 17 to 42) 31 (8; 18 to 49) 22 (6; 9 to 40) > 0.9 < 0.001
Lunohamate 35 (8; 18 to 49) 31 (6; 24 to 45) 28 (6; 16 to 42) 0.125 < 0.001
Triquetrohamate 63 (7; 47 to 72) 60 (7; 43 to 70) 57 (5; 46 to 71) 0.417 0.003
Capitometacarpal -3 (11; -25 to 14) -6 (7; -15 to 7) 0 (7; -23 to 12) 0.796 0.819
Capitohamate 4 (12; -21 to 19) 0 (7; -9 to 11) 6 (6; -16 to 19) 0.774 > 0.9
Data is presented as the mean (SD; range) in degrees; p1: comparison of the results between SNAC and SLAC groups; p2: comparison of the results between SNAC 
and Healthy wrist groups. Statistically significant p-values are shown in bold
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significant differences in sagittal or coronal radiometa-
carpal angles were observed among the three groups.

Sagittal alignment
In the sagittal plane, the radiocarpal angles of the dis-
tal row of carpal bones in the SNAC group did not dif-
fer statistically significantly from those of healthy wrists 
excluding the radiotrapezium angle. No statistically sig-
nificant difference was found in the radioscaphoid angle 
between these two groups. In the SNAC group, both the 
radiolunate and radiotriqueral angles showed more nega-
tive values than those observed in the healthy wrist group 
(p < 0.001). The scapholunate (SL) angle was more nega-
tive in the SNAC group, while the lunotriquetral (LT) 
angle was decreased compared to the healthy wrist group 
(p = 0.045). The lunocapitate, lunohamate and triquetro-
hamate angles had increased positive values in the SNAC 
group, while the scaphotrapezial, scaphotrapezoidal and 
scaphocapitate angles demonstrated increased negative 
values compared to healthy wrists. The capitometacar-
pal angle was more positive in the SNAC group than in 
the healthy wrist group. No statistically significant differ-
ences in radio- or intercarpal angles were found between 
the SNAC and SLAC groups, excluding the LT angle 
(p < 0.001). Furthermore, there was a tendency toward a 
more negative radiotriquetral angle in the SNAC group 
compared to the SLAC group (p = 0.055). The AUC and 
optimal threshold values of sagittal angles indicative for 
pathologic SNAC process are presented in Table 3.

Coronal alignment
In the coronal plane, no statistically significant differ-
ences were observed in radiocarpal angles between the 
SNAC and healthy wrist groups, excluding the radio-
capitate (p = 0.002) and radiohamate angles (p = 0.002). 
Furthermore, there were no significant differences in 

intercarpal angles within the proximal carpal row, as 
well as in the capitometacarpal and capitohamate angles 
between these groups. In the SNAC group, the coronal 
lunocapitate, triquetrohamate and lunohamate angles 
were increased in a positive direction compared to the 
healthy wrist group, but no statistically significant dif-
ferences were observed in the scaphotrapezial, scapho-
trapezoideal and scaphocapitate angles. No statistically 
significant differences were observed in coronal radio- or 
intercarpal angles between the SNAC and SLAC groups, 
excluding the radiohamate angle (p = 0.017).

Nonunion site
A statistically significant association was observed 
between the location of the scaphoid nonunion (proxi-
mal third vs. distal and middle third) and several sagit-
tal plane angles, including the radiolunate (p = 0.033), 
radiotrapezoid (p = 0.034), SL (p = 0.037), lunocapitate 
(p = 0.025), lunohamate (p = 0.010), and triquetrohamate 
(p = 0.027) angles. In the coronal plane, statistically sig-
nificant associations were noted between the nonunion 
location and the radiotrapezoid (p = 0.001), radiohamate 
(p = 0.039), radiometacarpal (p = 0.026), and scaphotrap-
ezoid (p = 0.022) angles.

Carpal height ratio
The mean carpal height ratio in the SNAC wrist group 
was 1.34 (SD 0.11; range 1.13–1.52; CI 95% 1.27–1.40). 
In SNAC wrists, the carpal height ratio showed a strong 
correlation with the radiotriquetral angle in the sagittal 
plane (r = 0.75, p = 0.005). It also correlated moderately 
with several angles in the coronal plane, including the 
radiocapitate (r = 0.73, p = 0.008), lunocapitate (r=-0.71, 
p = 0.010), capitometacarpal (r = 0.59, p = 0.042), and capi-
tohamate (r = 0.67, p = 0.017) angles. (Table 4). The carpal 
height ratio in the SNAC group was significantly lower 

Table 3 The diagnostic value of sagittal radio- and intercarpal angles for SNAC*
Sagittal radio- and intercarpal angles AUC 95% CI Optimal Cut-off Value (degrees)* Sensitivity (%) Specificity (%)
Radiolunate 0.983 0.961 to 1.000 ≤-12 100 89
Radiotriquetral 0.999 0.995 to 1.000 ≤ 7 100 98
Radiotrapezium 0.815 0.689 to 0.942 ≤ 8 67 90
Scapholunate 0.975 0.944 to 1.000 ≤-66 100 85
Lunotriquetral 0.726 0.572 to 0.880 ≤ 8 75 72
Scaphotrapezium 0.872 0.769 to 0.975 ≤-52 75 90
Scaphotrapezoid 0.826 0.727 to 0,924 ≤-71 92 64
Scaphocapitate 0.744 0.599 to 0.890 ≤-79 75 70
Lunocapitate 0.862 0.734 to 0.989 ≥-8 92 77
Lunohamate 0.940 0.882 to 0.998 ≥ 14 92 86
Triquetrohamate 0.997 0.992 to 1.000 ≥ 4 100 98
Capitometacarpal 0.806 0.704 to 0.909 ≥ 7 100 51
Capitohamate 0.812 0.717 to 0.907 ≥ 19 92 65
*) calculated using the Youden index

AUC: area under curve; CI: confidence interval
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than that of the healthy wrist group (p = 0.007) but did 
not differ significantly from the SLAC group (p > 0.9).

Discussion
This study demonstrates that in SNAC wrists, the lunate 
exhibited a dorsal angulation compared to healthy wrists, 
aligning with previous findings on SL dissociation and 
SLAC/SNAC pathologies [1, 19]. Notably, the trique-
trum showed even greater dorsal angulation than the 
lunate, resulting in a decreased LT angle in SNAC wrists. 
In contrast, SLAC wrists showed less triquetral dorsal 
angulation, leading to an increased sagittal LT angle as 
previously reported [17]. Thus, in SNAC wrists, the tri-
quetrum appears more prone to dorsal angulation than 
in SLAC wrists. This difference may be influenced by 
the dorsal intercarpal ligament (DIC), which attaches to 
the triquetrum and the distal scaphoid. The intact, pal-
marly angulated scaphoid in SLAC wrists may restrain 
triquetral dorsal angulation, while ulnar deviation of the 
hamate in SNAC wrists may interact with the triquetrum, 
enhancing dorsal tilt with a corkscrew-like movement.

The geometric axis of the two-part, non-unioned 
scaphoid showed palmar angulation, consistent with pre-
vious findings in DISI deformity and SLAC [17]. How-
ever, in this study, the software determined the geometric 
axis by capturing the two-part scaphoid as a single, uni-
fied shape, which can affect the alignment results. Spe-
cifically, in SNAC wrists, only the distal scaphoid is 
palmarly angulated, while the proximal scaphoid tends to 

angulate dorsally, forming a humback deformity through 
its connection to the lunate via the SL ligament [7].

The distal carpal row showed a compensatory palmar 
angulation relative to the lunate and triquetrum, result-
ing in an increase in the lunocapitate and triquetroha-
mate angles in the positive direction. These findings 
are consistent with previously reported data on SLAC 
pathologies [17]. Additionally, the third metacarpal bone 
demonstrated a compensatory palmar angulation at the 
carpometacarpal joint, consistent with recent findings in 
SLAC wrists [17]. These results indicate that pathologies 
both in SLAC and SNAC wrists affect not only radio- and 
midcarpal joints but also secondarily involve the third 
carpometacarpal joint.

In this study, the sagittal SL, radiolunate and radiotri-
queral angles demonstrated the highest AUC values 
(> 0.97) for identifying SNAC wrist malalignment, consis-
tent with previous findings in SL dissociation and SLAC 
wrists [17, 20, 21]. These results confirm the superior 
diagnostic utility of these carpal angles in defining both 
SLAC and SNAC pathologies. Optimal threshold values 
for SNAC wrist malalignment closely matched those 
reported for SLAC wrists in recent studies [17, 22]. Spe-
cifically, sagittal thresholds were ≤-66° for the SL angle, 
≤-12° for the radiolunate angle, and ≥-8° for the lunocapi-
tate angle. To our knowledge, specific threshold values 
for SNAC malalignment have not been reported in the 
literature, which typically relies more on the more gen-
eral DISI pattern as a framework for assessing malalign-
ment. Notably, the LT threshold was ≤ 8° in SNAC wrists, 
contrasting with the ≥ 22° threshold observed in SLAC 
wrists [17], highlighting distinct triquetral angulation dif-
ferences between these conditions.

The association between the level of scaphoid non-
unions and factors such as displacement, DISI defor-
mity, and degenerative changes has been extensively 
studied [7–10, 23, 24]. Our study indicates that the 
proximal scaphoid nonunions are associated with a less 
pronounced DISI deformity compared to more distal 
nonunions. These findings are consistent with small case 
series reported by Morimoto et al. [8] and Oka et al. [7], 
which suggested a similar trend [7, 8]. Oka et al. (2005) 
proposed that the development of carpal deformity and 
subsequent degenerative changes in scaphoid nonunion 
may depend on whether the fracture line passes distal 
or proximal to the dorsal apex of the scaphoid ridge, the 
attachment site of the dorsal scapholunate interosseous 
ligament. In contrast, studies by Nakamura et al. (1991) 
and Bulstra et al. (2023) found no association between 
scaphoid fracture location and DISI deformity or car-
pal height ratio [23, 24]. Interestingly, some researchers 
have hypothesized that proximal scaphoid nonunions 
might lead to more pronounced DISI deformities [2, 9, 
10]. Additionally, proximal scaphoid nonunions have also 

Table 4 Correlation between carpal height ratio and radiocarpal 
and intercarpal angles in SNAC wrists
Radio- and intercarpal 
angle

Sagittal plane Coronal plane

Radioscaphoid r = -0.19, p = 0.558 r = -0.29, p = 0.370
Radiolunate r = 0.44, p = 0.158 r = -0.40, p = 0.203
Radiotriquetral r = 0.75, p = 0.005 r = -0.19, p = 0.554
Radiotrapezium r = -0.12, p = 0.708 r = -0.27, p = 0.392
Radiotrapezoidal ρ = -0.273, p = 0.391 r = -0.38, p = 0.224
Radiocapitate r = -0.10, p = 0.764 r = -0.73, p = 0.008
Radiohamate r = -0.22, p = 0.500 r = 0.00, p = 0.990
Radiometacarpal r = -0.22, p = 0.488 r = -0.20, p = 0.531
Scapholunate r = 0.39, p = 0.211 r = 0.06, p = 0.851
Lunotriqueral r = 0.06, p = 0.865 r = 0.35, p = 0.267
Scaphotrapezial r = 0.10, p = 0.750 r = -0.05, p = 0.876
Scaphotrapezoideal r = -0.09, p = 0.781 r = -0.21, p = 0.509
Scaphocapitate r = 0.07, p = 0.837 r = -0.46, p = 0.137
Lunocapitate ρ = -0.18, p = 0.572 r = -0.71, p = 0.010
Lunohamate r = -0.39, p = 0.207 r = 0.24, p = 0.447
Triquetrohamate r = -0.47, p = 0.125 r = 0.13, p = 0.685
Capitatometacarpal r = -0.14, p = 0.660 r = 0.59, p = 0.042
Capitohamate r = -0.22, p = 0.502 r = 0.67, p = 0.017
Pearson correlation (r) or Spearman’s correlation coefficient (ρ) was calculated 
between carpal height ratio and normally or non-normally distributed 
continuous variables, respectively. Statistically significant p-values are shown 
in bold
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been associated with earlier and more severe OA changes 
[9, 10]. Notably, a recent study by Bulstra et al. indicated 
that scaphoid shortening is associated with degree of 
DISI deformity [24].

In the coronal plane, the axes of proximal carpal row 
bones in SNAC wrists did not demonstrate statisti-
cally significant differences compared to healthy wrists. 
However, the capitate and hamate showed a significant 
ulnar tilt in SNAC wrists, consistent with findings from 
a recent study by Miyamora et al. [11]. Interestingly, this 
pattern contrasts with SLAC wrists, where only the capi-
tate demonstrated ulnar tilt, while the hamate remained 
unchanged in the coronal plane [17]. This difference may 
be attributed to the earlier speculated more tense DIC 
ligament in SLAC wrists, which could allow greater tri-
quetral angulation in SNAC wrists. Such dorsal angula-
tion of triquetrum might create more space for both 
the hamate and capitate enabling the ulnar tilt of them. 
An alternative explanation involves differences in shear 
forces at the capitohamate joint. In SLAC wrists, the cap-
itate protrudes into the SL gap [25] creating a shearing 
force between the capitate and hamate that restricts the 
hamate’s ability to tilt ulnarly. In SNAC wrists, the capi-
tate may protrude proximally to lesser extent due to the 
presence of proximal scaphoid fragment. This reduced 
protrusion permits greater sliding motion of both the 
capitate and hamate along the second Gilula’s line. This 
hypothesis is further supported by the tendency for a 
greater coronal radiocapitate and radiohamate angle 
observed in SNAC wrists.

The carpal height ratio, a measure of carpal collapse 
[17, 26] averaged 1.34 in our study of SNAC wrists, com-
pared to a higher mean value of 1.47 in healthy wrists. 
This ratio was comparable with the previously reported 
carpal height ratio of 1.33 for SLAC wrists [17], indi-
cating comparable levels of carpal collapse in these two 
pathologies. The optimal cut-off value for identifying 
malalignment in SNAC wrists was determined to be 1.37, 
with a sensitivity of 67% and specificity of 90%. Among 
all radio- and intercarpal angles, the carpal height ratio 
showed a strong correlation with triquetrum dorsal 
angulation and a moderate correlation with capitate 
ulnar deviation, highlighting these specific carpal bone 
movements as primary contributors to collapse in SNAC 
wrists. Interestingly, the carpal height ratio showed no 
statistically significant correlation with sagittal radiolu-
nate or capitolunate angles.

Standardized measurement techniques and imaging 
protocols are essential for accurate and reliable assess-
ment of carpal alignment [14, 18]. The computer-aided 
technique offers an automated, highly accurate and reli-
able evaluation of 3D carpal alignment from CT and 
MRI images [14–16]. Cone-beam CT scanning enables 
neutral wrist positioning, while digital determination of 

the coronal and sagittal planes minimizes projection vari-
ability. Integrating automated carpal alignment analysis 
into clinical practice could improve diagnostic accuracy 
by highlighting abnormal values, reducing interpretation 
time, and minimizing errors. This study enhances under-
standing of the mechanisms underlying scaphoid non-
union related carpal instability and degeneration. Carpal 
malalignment in SNAC wrists alters kinematics and load 
distributions, often leading to pain, decreased motion 
and osteoarthritic changes. Segmentation and numerical 
modeling of CT and MRI data allows joint surface dis-
tance distribution analysis using distance mapping [27]. 
Ongoing studies focus on developing software for the 
automated quantification of wrist osteoarthritis severity 
and extent.

This study has several limitations. The retrospective 
design may introduce selection bias, and the sample size 
was relatively small with only one SNAC wrist featuring 
a distal third nonunion. Furthermore, only SNAC wrists 
scheduled for salvage procedures were included, which 
may have biased the selection toward more advanced 
SNAC stages; however, the distribution of SNAC stages 
remained in our study relatively balanced based on Vend-
er’s classification. The two-part, non-united scaphoid was 
analyzed as whole for axis determination. Further studies 
will aim to separately determine the axes of the proximal 
and distal fragments, allowing for a more detailed analy-
sis of alignment in scaphoid fractures and non-unions.

In conclusion, SNAC wrists showed dorsal angulation 
of the lunate and triquetrum, with greater angulation in 
the triquetrum, leading to a decreased sagittal LT angle. 
In contrast, SLAC wrists have less triquetrum angulation 
and increased LT angle. To compensate for the dorsal 
angulation of the lunate and triquetrum, both the distal 
carpal row and third metacarpal exhibited palmar angu-
lation. In the coronal plane, ulnar tilting of the capitate 
and hamate contributed further to malalignment. Col-
lectively, these changes resulted in carpal collapse. The 
location of the scaphoid nonunion influenced carpal 
malalignment, with proximal nonunion being associ-
ated with reduced dorsal angulation of the lunate. Fur-
ther studies are needed to elucidate how these alignment 
changes affect carpal kinematics, load distribution, and 
degeneration progression.
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