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Background: Variations in glenoid morphology affect surgical treatment and outcome of advanced glenohumeral osteoarthritis (OA).

The purpose of this study was to assess the inter- and intraobserver reliability of the modified Walch classification using 3-dimensional

(3D) computed tomography (CT) imaging in a multicenter research group.

Methods: Deidentified preoperative CTs of patients with primary glenohumeral OA undergoing anatomic or reverse total shoulder

arthroplasty (TSA) were reviewed with 3D imaging software by 23 experienced shoulder surgeons across 19 institutions. CTs were sepa-

rated into 2 groups for review: group 1 (96 cases involving all modified Walch classification categories evaluated by 12 readers) and

group 2 (98 cases involving posterior glenoid deformity categories [B2, B3, C1, C2] evaluated by 11 readers other than the first 12).

Each case group was reviewed by the same set of readers 4 different times (with and without the glenoid vault model present), blindly

and in random order. Inter- and intraobserver reliabilities were calculated to assess agreement (slight, fair, moderate, substantial, almost

perfect) within groups and by modified Walch classification categories.

Results: Interobserver reliability showed fair to moderate agreement for both groups. Group 1 had a kappa of 0.43 (95% confidence

interval [CI]: 0.38, 0.48) with the glenoid vault model absent and 0.41 (95% CI: 0.37, 0.46) with it present. Group 2 had a kappa of

Institutional Review Board approval was obtained for this study from the

Cleveland Clinic (IRB study no. 17-1206).

*Reprint requests: Eric T. Ricchetti, MD, Department of Orthopaedic

Surgery, Orthopedic and Rheumatologic Institute, Cleveland Clinic, 9500

Euclid Avenue, Mail Code A40, Cleveland, OH 44195, USA.

E-mail address: ricchee@ccf.org (E.T. Ricchetti).

J Shoulder Elbow Surg (2020) -, 1–11

www.elsevier.com/locate/ymse

1058-2746/$ - see front matter � 2020 Published by Elsevier Inc. on behalf of Journal of Shoulder and Elbow Surgery Board of Trustees.

https://doi.org/10.1016/j.jse.2020.07.013

mailto:ricchee@ccf.org
https://doi.org/10.1016/j.jse.2020.07.013
https://doi.org/10.1016/j.jse.2020.07.013
http://www.elsevier.com/locate/ymse
http://www.elsevier.com/locate/ymse
https://doi.org/10.1016/j.jse.2020.07.013


0.38 (95% CI: 0.33, 0.43) with the glenoid vault model absent and 0.37 (95% CI: 0.32, 0.43) with it present. Intraobserver reliability

showed substantial agreement for group 1 with (0.63, range 0.47-0.71) and without (0.61, range 0.52-0.69) the glenoid vault model pre-

sent. For group 2, intraobserver reliability showed moderate agreement with the glenoid vault model absent (0.51, range 0.30-0.72),

which improved to substantial agreement with the glenoid vault model present (0.61, range 0.34-0.87).

Discussion: Inter- and intraobserver reliability of the modified Walch classification were fair to moderate and moderate to substantial,

respectively, using standardized 3D CT imaging analysis in a large multicenter study. The findings potentially suggest that cases with a

spectrum of posterior glenoid bone loss and/or dysplasia can be harder to distinguish by modified Walch type because of a lack of

defined thresholds, and the glenoid vault model may be beneficial in determining Walch type in certain scenarios. The ability to repro-

ducibly separate patients into groups based on preoperative pathology, including Walch type, is important for future studies to accurately

evaluate postoperative outcomes in TSA patient cohorts.

Levels of evidence: Basic Science Study; Validation of Classification System

� 2020 Published by Elsevier Inc. on behalf of Journal of Shoulder and Elbow Surgery Board of Trustees.
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The Walch classification is the most commonly used

method for defining pathology in glenohumeral osteoar-

thritis (OA). The original classification consisted of 5

different morphologic subtypes (A1, A2, B1, B2, C) based

on the pattern of glenoid morphology and humeral head

alignment on preoperative computed tomography (CT)

scans in patients undergoing shoulder arthroplasty.26 The

classification has been the basis to stratify outcomes of

surgical interventions and make recommendations regarding

the type of shoulder arthroplasty to perform for varying

types of pathology, as clinical outcomes and implant sur-

vivorship have been shown to be impacted by certain

pathologic patterns.5,7,11,17,27 However, controversy exists

regarding the optimal surgical treatment of patients with

more severe glenoid pathology, specifically patients with B

and C glenoid types. In addition, several studies assessing

the original Walch classification have shown only fair to

moderate interobserver reliability and fair to substantial

intraobserver reliability on CT even when used by experi-

enced shoulder surgeons,18,22 and conclude that improve-

ments in the classification could provide further utility.

The Walch classification has subsequently undergone

modifications that include refinement of the definition of

certain existing Walch types, as well as the addition of new

Walch types (B3, C2, D) describing morphologic patterns

not in the original classification.1,10 These modifications

have shown improved inter- and intraobserver reliability,

although the findings have been mixed across recent

studies, which have been limited to a small number of

raters at single institutions.1,10,25 Assessment of the reli-

ability of the modified Walch classification by a larger

number of raters across multiple institutions may provide

further information on the reproducibility of the classifi-

cation when applied in more widespread clinical use. This

has important implications, as the conclusions of a study on

the clinical outcomes of shoulder arthroplasty may be

dependent on the type of pathology and specific arthro-

plasty treatment investigated within that clinical cohort. A

classification with poor reliability has the potential to result

in misguided or ambiguous treatment selection and misin-

terpretation of clinical outcomes.

The purpose of this study was to assess the inter- and

intraobserver reliability of the modified Walch classifica-

tion using 3-dimensional (3D) CT imaging in a large

multicenter research group (ASES B2 Glenoid Multicenter

Research Group), including assessment of a subset of cases

with posterior glenoid deformity where controversy on the

optimal surgical treatment may exist. Secondarily, the study

evaluated which pathologic features or modified Walch

types may lower reliability, and if use of the glenoid vault

model improved the inter- or intraobserver reliability of the

modified Walch classification. The glenoid vault is a highly

consistent and conserved shape across normal individuals,

and prior studies have shown the glenoid vault model, a

standardized 3D model of the normal glenoid vault, to be

predictive of premorbid glenoid version, inclination, and

joint line position when placed into a pathologic glenoid, as

well as helpful in defining certain modified Walch classi-

fication types.4,8,10,19,21,24.

Materials and methods

A library of deidentified preoperative CTs of patients with primary

glenohumeral OA undergoing anatomic or reverse total shoulder

arthroplasty (TSA) was created with a 3D imaging analysis soft-

ware (OrthoVis Shoulder Research software, Cleveland Clinic;

Cleveland, OH, USA). Within the software, the plane of the

scapula was defined in 3D by the glenoid center point, inferior

angle of the scapula, and scapula trigonum (Fig. 1), with 2-

dimensional (2D) orthogonal planes (axial, coronal, and sagittal)

then referenced relative to the scapular plane, as previously

described.6,10,12-14,20,28 The glenoid plane was defined by 3

representative points placed on the surface of the glenoid fossa,

thereby defining average glenoid version and inclination in 3D

relative to the scapular plane (Fig. 1), as previously

described.6,10,12-14,20,28 The glenoid vault model, a standardized 3D
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model of the normal glenoid vault, was then placed into the glenoid

of each CT scan as a tool to define the patients’ premorbid glenoid

anatomy, as previously described (Fig. 2).4,8,19,21,24 Cases were

uploaded into a secure web portal (CCF Shoulder Research Portal,

Cleveland Clinic; Cleveland, OH, USA) and reviewed by a group

of 23 experienced shoulder surgeons across 19 institutions (ASES

B2 Glenoid Multicenter Research Group). The imaging software in

the secure web portal allowed for the assessment of individual CT

scans in 3D and in the 2D axial and coronal orthogonal planes,

with 3D measurements of glenoid version and inclination relative

to the pathologic bone (‘‘native version’’ and ‘‘native inclination’’)

and relative to the premorbid glenoid vault model (‘‘vault version’’

and ‘‘vault inclination’’) provided in each case (Fig. 3).

All CTs were first classified using the modified Walch classi-

fication by 2 of the authors (E.T.R, J.P.I.) by consensus using

criteria described by Bercik et al1 and Iannotti et al.10 CTs were

then separated into 2 case groups for review by 2 sets of readers;

group 1, consisting of 96 cases involving all modified Walch

classification categories (A1, A2, B1, B2, B3, C1, C2, D) evalu-

ated by 12 readers from the ASES B2 Glenoid Multicenter

Research Group; and group 2, consisting of 98 cases involving

only posterior glenoid deformity categories (B2, B3, C1, C2)

evaluated by 11 readers other than the first 12 from the ASES B2

Glenoid Multicenter Research Group. Each case group was

reviewed by the same set of readers 4 different times, blindly and

in random order each time. The first 2 reviews for a given case

group were performed without the presence of the glenoid vault

model, whereas the third and fourth reviews for a given case group

were performed with the glenoid vault model present. Readers

were required to review a training manual that defined the criteria

for each modified Walch type (Table I) and included 3D training

case examples that were available for review in the imaging

software on the secure web portal during classification of the study

cases. The 3D training case examples were also blindly and

randomly included in the cases reviewed by each reader in groups

1 and 2 to assess the reliability of these training cases. A 3-week

period was given to complete each of the reviews (total of 4 re-

views), with each reviewing period separated by 5 weeks (washout

period). Readers selected a Walch type for every reviewed case.

Interobserver reliability was determined for groups 1 and 2

using Fleiss kappa statistics with 95% confidence intervals (CIs).

Kappa values were calculated for the cases in each group both

with and without the glenoid vault model present, as well as with

and without the training cases present. Interobserver reliability

was also calculated by modified Walch classification using Gwet

agreement coefficient 1 (AC1) method with 95% CI, both for

comparing across the major groups (A, B, C, D) and for

comparing across all of the categories (A1, A2, B1, B2, B3, C1,

C2, D), again both with and without the glenoid vault model

present. Fleiss kappa statistics are frequently criticized for their

tendency to be low in situations where raw agreement is high. As a

result, when calculating interobserver reliability by modified

Walch classification, an alternative approach proposed by Gwet,

the AC1 method, had been used.9 Gwet AC1 adopts a more lenient

chance correction compared with Fleiss kappa statistics.

Intraobserver reliability was calculated for each reader in

groups 1 and 2 using Cohen kappa statistics, as well as overall for

each group. This included determining overall intraobserver reli-

ability in cases with and without the glenoid vault model present.

The overall intraobserver reliability for each group was obtained

Figure 1 (A) The scapular plane is defined using the glenoid center point, the inferior angle of the scapula, and the scapula trigonum. The

glenoid plane is defined using 3 representative points placed on the surface of the glenoid fossa. Pathologic glenoid version and inclination

are then measured in 3D from the scapular and glenoid fossa planes. Representative 2-D orthogonal axial (B), coronal (C), or sagittal (D)

views of the plane of the scapula can then be selected to view pathology. Reproduced from Iannotti et al.10
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by dividing the summed numerators of the individual agreement

measures for each reader by the summed denominators of the

same measures. A Cohen kappa value of 0.6 or higher for intra-

observer reliability on a given set of case group reviews was also

used to define a ‘‘good’’ reader in order to evaluate if ‘‘good’’

readers had better interobserver reliability than readers overall.

The scale of kappa or Gwet AC1 statistics was defined as

follows: 0-0.2 slight agreement, 0.21-0.40 fair agreement, 0.41-

0.60 moderate agreement, 0.61-0.80 substantial agreement, and

0.81-1 almost perfect agreement.16 Data management and analysis

was performed in R software (version 3.5; R Foundation for

Statistical Computing; Vienna, Austria). All tests were 2-sided,

assuming an alpha level of 0.05.

Results

Table II shows the interobserver reliability results for

groups 1 and 2 across the different scenarios evaluated.

Interobserver reliability for both groups of cases reached

the level of fair to moderate agreement (0.21-0.60) by the

kappa statistic regardless of the scenario, including with or

without the glenoid vault model present and in training

cases compared with nontraining cases. ‘‘Good’’ readers, as

defined by a kappa value of 0.6 or higher for intraobserver

reliability, also performed no better by agreement level on

interobserver reliability as a group when compared to

readers overall. Group 1 (12 readers), representing cases

from all categories of the modified Walch classification

(A1, A2, B1, B2, B3, C1, C2, D), had a kappa value of 0.43

(95% CI: 0.38, 0.48) with the glenoid vault model absent,

compared to 0.41 (95% CI: 0.37, 0.46) with the glenoid

vault model present when evaluating all of the cases in the

group. Group 2 (11 readers), representing cases from cat-

egories of the modified Walch classification associated with

posterior glenoid deformity (B2, B3, C1, C2), had a kappa

value of 0.38 (95% CI: 0.33, 0.43) with the glenoid vault

model absent, compared to 0.37 (95% CI: 0.32, 0.43) with

the glenoid vault model present when evaluating all of the

cases in the group.

Table III demonstrates the overall intraobserver reli-

ability results for groups 1 and 2, when evaluated with and

without the glenoid vault model present. Intraobserver

reliability reached the level of substantial agreement (0.61-

0.80) by kappa statistic for group 1 both with (0.63, range

0.47-0.71) and without (0.61, range 0.52-0.69) the presence

of the glenoid vault model. For group 2, intraobserver

reliability only reached the level of moderate agreement

(0.41-0.60) with the glenoid vault model absent (0.51,

Figure 2 The glenoid vault model (A) is virtually placed into the glenoid of each preoperative CT scan as a tool to define premorbid

glenoid anatomy. Premorbid (vault) glenoid version and inclination are measured in 3D from the scapula plane and the plane of the glenoid

vault surface. (B-E) Representative 2D orthogonal views relative to the scapular plane are used to confirm vault model position and

demonstrate pathologic and premorbid (vault) inclination (B, C) and version (D, E). Joint line medialization of the pathologic glenoid

surface relative to the vault model surface can also be assessed on the 2D orthogonal views. Reproduced from Iannotti et al.10
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range 0.30-0.72), which improved to substantial agreement

with the glenoid vault model present (0.61, range 0.34-

0.87).

Table IV shows the interobserver reliability by modified

Walch classification type when all of the cases from groups

1 and 2 were combined. Interobserver reliability ranged

from fair to moderate agreement (0.21-0.60) by Gwet AC1

across most of the modified Walch classification types,

without consistent improvement in reliability when the

glenoid vault model was present. B1 glenoids had the

lowest interobserver reliability of the modified Walch

classification types, both with the glenoid vault model ab-

sent (0.35, 95% CI: 0.24, 0.45) and present (0.25, 95% CI:

0.16, 0.35). In contrast, B2 glenoids had the highest inter-

Figure 3 Images of a preoperative 3D CT scan uploaded into the secure web portal (CCF Shoulder Research Portal) used by observers for

classification of cases by modified Walch type. The imaging software in the secure web portal allows for the assessment of individual CT

scans in 3D and in the 2D axial and coronal orthogonal planes, with 3D measurements of glenoid version and inclination relative to the

pathologic bone (‘‘Native Version’’ and ‘‘Native Inclination,’’ noted in the upper right-hand corner of the webpage) and relative to the

premorbid glenoid vault model (‘‘Vault Version’’ and ‘‘Vault Inclination,’’ noted in the ‘‘Info’’ tab of the webpage) provided in each case.

Panel A shows the 3D CT scan without the glenoid vault model present, and without the measurements of ‘‘Vault Version’’ and ‘‘Vault

Inclination’’ shown. The first 2 reviews for a given case group were performed without the presence of the glenoid vault model and its

associated measurements. Panel B shows the 3D CT scan with the glenoid vault model present and includes the measurements of ‘‘Vault

Version’’ and ‘‘Vault Inclination.’’ The third and fourth reviews for a given case group were performed with the glenoid vault model and its

associated measurements present.

Walch reliability with 3-dimensional computed tomography 5



observer reliability of the modified Walch classification

types with the glenoid vault model absent (0.61, 95% CI:

0.51, 0.70) and present (0.54, 95% CI: 0.45, 0.64). D gle-

noids had the most improvement in interobserver reliability

with the vault model, improving from 0.25 (95% CI: 0.08,

0.49) with the glenoid vault model absent to 0.49 (95% CI:

0.15, 0.84) with the glenoid vault model present. ‘‘Good’’

readers, as defined by a kappa value of 0.6 or higher for

intraobserver reliability, did not consistently perform better

by agreement level on interobserver reliability across the

modified Walch classification types when compared to

Table I Definitions for eachWalch type, including descriptions

of the case example(s) for each Walch type

Modified

Walch

classification

type

Definition

A1 Centered humeral head, minor glenoid

erosion. Case example

A1_Case1 demonstrates these traits, with

minimal glenoid erosion relative to the

vault model.

A2 Centered humeral head, major central glenoid

erosion defined by a line drawn from the

anterior to posterior rims of the glenoid

transecting the humeral head (Bercik et al)

and/or the vault model (Iannotti et al).

Case examples A2_Case1 and A2_Case2 both

show evidence of central glenoid wear

relative to the vault model, with

A2_Case1 (top) showing milder wear and

A2_Case2 (bottom) showing more advanced

wear.

B1 Posteriorly subluxated humeral head, with no

or minor posterior glenoid erosion. Case

example B1_Case1 demonstrates these

traits, with signs of mild posterior glenoid

erosion associated with a posteriorly

subluxated humeral head.

B2 Posteriorly subluxated humeral head,

posterior glenoid erosion with biconcavity

and no dysplasia. Case examples

B2_Case1 and B2_Case2 both show these

findings, with B2_Case1 (top) showing

milder posterior glenoid wear with a

biconcavity and B2_Case2 (bottom)

showing more advanced posterior glenoid

wear with a biconcavity.

B3 Posteriorly worn glenoid that is monoconcave

with little or no biconcavity due to

posterior and central glenoid erosion,

without dysplasia. Thresholds of at least

15� glenoid retroversion and at least 70%

posterior humeral head subluxation relative

to the scapular line are proposed in Bercik

et al as part of the definition, but these

should not be used as hard cut-offs. Case

examples B3_Case1 (top),

B3_Case2 (middle), and B3_Case3 (bottom)

show these findings, with evidence of

posterior and central glenoid wear relative

to the vault model. B3_Case1 shows milder

wear relative to B3_Case2 and

B3_Case3. B3_Case3 shows only a small

remaining paleoglenoid (<25% glenoid

diameter) and is, therefore, considered a B3

rather than a B2 glenoid.

C1 Dysplastic glenoid with high degrees of

retroversion due to dysplasia rather than

(continued on next column)

Table I Definitions for eachWalch type, including descriptions

of the case example(s) for each Walch type (continued)

Modified

Walch

classification

type

Definition

glenoid erosion. A threshold of at least 25�

glenoid retroversion is proposed in Bercik

et al as part of the definition, but this

should not be used as a hard cut-off. Case

example C1_Case1 demonstrates these

traits, with hypoplasia of the posterior

glenoid creating high degrees of glenoid

retroversion. The vault model may be

difficult to fit in a C1 glenoid because of the

dysplasia and hypoplasia that is present, as

shown in C1_Case1, or may show higher

than normal vault (premorbid) retroversion.

C2 Dysplastic glenoid with acquired posterior

glenoid erosion creating glenoid

biconcavity and posterior subluxation of

the humeral head. The vault model is used

to help define a C2 relative to a B2 glenoid,

as a C2 glenoid will have both high

pathologic retroversion and high vault

(premorbid) retroversion, whereas a B2

glenoid will have high pathologic

retroversion and normal vault (premorbid)

retroversion. Case examples C2_Case1 and

C2_Case2 both show these findings, with

both cases showing increased vault

(premorbid) retroversion. C2_Case1 (top)

shows less advanced posterior glenoid wear

and biconcavity compared to

C2_Case2 (bottom).

D Glenoid anteversion or anterior humeral head

subluxation. Case examples D_Case1 and

D_Case2 both show these findings, with

D_Case1 (top) showing milder anterior

glenoid wear than D_Case2 (bottom)

relative to the vault model.

These definitions incorporated the key features of the modified Walch

classification, as defined by Bercik et al1 and Iannotti et al.10

6 E.T. Ricchetti et al.



readers overall, but they did consistently perform better

with A2 cases. For A2 cases, ‘‘good’’ readers showed

substantial agreement both with (0.66, 95% CI: 0.45, 0.88)

and without (0.65, 95% CI: 0.45, 0.85) the glenoid vault

model present, compared with only moderate agreement for

readers overall (Table IV). When reducing comparisons of

interobserver reliability to the major modified Walch clas-

sification groups (A, B, C, D), the Gwet AC1 values did not

substantially improve from the comparisons across all of

the modified Walch categories (A1, A2, B1, B2, B3, C1,

C2, D), with interobserver reliability ranging from fair to

moderate agreement (0.21-0.60) in similar patterns by

major group (Table V).

Cases not assigned a consistent modified Walch type

across readers were qualitatively reviewed for factors

related to low reliability. The lack of definitive thresholds

for central and/or anterior glenoid bone loss created dif-

ficulty in distinguishing transitions between A1, A2, and D

glenoids in certain cases. Similarly, the lack of definitive

thresholds for central and/or posterior glenoid bone loss

created difficulty in distinguishing transitions between A1,

A2, B1, B2, and B3 glenoids in certain cases. When

looking specifically at B2 and B3 glenoids, the absence of

a defined cutoff for the minimum remaining paleoglenoid

length that constitutes a B2 glenoid created difficulty in

distinguishing transitions between B2 and B3 glenoids in

certain cases. Finally, the lack of definitive criteria for the

definition of glenoid dysplasia created difficulty in

distinguishing B2, B3, C1, and C2 glenoids in certain

cases.

Discussion

The purpose of the current study was to assess the inter-

and intraobserver reliability of the modified Walch classi-

fication using 3D CT imaging in a large multicenter

research group (ASES B2 Glenoid Multicenter Research

Group), including assessment of a subset of cases with

posterior glenoid deformity where controversy on the

optimal surgical treatment may exist. In addition to calcu-

lating overall inter- and intraobserver reliability, the study

evaluated which pathologic features or modified Walch

types may lower reliability, and if use of the glenoid vault

model improved the inter- or intraobserver reliability of the

modified Walch classification. We found that inter- and

intraobserver reliability of the modified Walch classifica-

tion were fair to moderate (kappa ¼ 0.37-0.43) and mod-

erate to substantial (kappa ¼ 0.51-0.63), respectively, when

using standardized 3D CT imaging analysis in this large

multicenter study (23 readers across 19 institutions), both

when evaluating the classification as a whole and when

looking at a subset of cases associated with posterior gle-

noid deformity. Slightly lower interobserver reliability and

lower overall intraobserver reliability were seen in group 2,

representing only modified Walch categories associated

with posterior glenoid deformity (B2, B3, C1, C2), when

compared to group 1, which included all categories of the

modified Walch classification. The intraobserver reliability

of the individual readers also varied over a wider range in

the case group representing only cases with posterior gle-

noid deformity (group 2). Although the presence of the

Table II Interobserver reliability by Fleiss kappa statistic with 95% confidence intervals (95% CI) for groups 1 and 2 when compared

across case types

Case group and type Glenoid vault model absent Glenoid vault model present

All readers (95% CI) Readers �0.6 (95% CI) All readers (95% CI) Readers �0.6 (95% CI)

Group 1: All cases (n ¼ 96) 0.43 (0.38, 0.48) 0.47 (0.40, 0.54) 0.41 (0.37, 0.46) 0.45 (0.37, 0.52)

Group 1: Training cases only (n ¼ 6) 0.38 (0.12, 0.65) 0.46 (0.014, 0.90) 0.41 (0.16, 0.66) 0.43 (�0.033, 0.89)

Group 1: Training cases excluded (n ¼ 90) 0.42 (0.37, 0.48) 0.46 (0.39, 0.54) 0.41 (0.36, 0.46) 0.44 (0.36, 0.52)

Group 2: All cases (n ¼ 98) 0.38 (0.33, 0.43) 0.42 (0.36, 0.48) 0.37 (0.32, 0.43) 0.37 (0.30, 0.43)

Group 2: Training cases only (n ¼ 8) 0.32 (0.11, 0.54) 0.36 (0.10, 0.52) 0.43 (0.26, 0.59) 0.49 (0.22, 0.75)

Group 2: Training cases excluded (n ¼ 90) 0.39 (0.33, 0.44) 0.43 (0.36, 0.49) 0.37 (0.31, 0.43) 0.36 (0.29, 0.42)

CI, confidence interval.

Results are shown with and without the presence of the glenoid vault model, as well as for all readers and those with intrarater reliability by Cohen kappa

statistic of 0.6 or higher.

Table III Overall intraobserver reliability by Cohen kappa statistic with the range of intraobserver reliabilities per reader for groups 1

and 2

Case group and type Glenoid vault model absent Glenoid vault model present

Cohen kappa Range of readers Cohen kappa Range of readers

Group 1: All cases (n ¼ 96), 12 readers 0.61 0.52-0.69 0.63 0.47-0.71

Group 2: All cases (n ¼ 98), 11 readers 0.51 0.30-0.72 0.61 0.34-0.87

Results are shown with and without the presence of the glenoid vault model.

Walch reliability with 3-dimensional computed tomography 7



glenoid vault model did not improve interobserver reli-

ability in groups 1 and 2, it did improve intraobserver

reliability in group 2 from a level of moderate agreement to

a level of substantial agreement.

These findings potentially suggest that cases with a

spectrum of posterior glenoid bone loss and/or dysplasia

can be harder to distinguish from one another by modified

Walch type because of a lack of defined thresholds,

including cutoffs for glenoid bone loss (joint line medial-

ization) glenoid version, humeral head subluxation, and the

amount of remaining paleoglenoid that still constitutes a B2

glenoid. The glenoid vault model may help with inter-

preting such thresholds. Iannotti et al10 developed a deci-

sion tree algorithm in their study of the modified Walch

classification based on 4 preoperative 3D CT measures: (1)

presence of glenoid biconcavity, (2) joint line medialization

as defined by the glenoid vault model, (3) pathologic gle-

noid version, and (4) premorbid glenoid version as defined

by the glenoid vault model. The decision tree algorithm was

found to be 87.1% accurate in classifying cases by modified

Walch type by defining cutoff thresholds for each of these

measures to maximize algorithm accuracy. The current

study did not find that the presence of the glenoid vault

model universally improved reliability of the modified

Walch classification, including when looking at the

case groups separately and when combining all of the cases

to evaluate by each modified Walch type. However, the

glenoid vault model was beneficial in certain scenarios. As

noted above, intraobserver reliability in group 2 improved

from moderate to substantial agreement with the glenoid

vault model present. In addition, D glenoids had the most

improvement in interobserver reliability when the glenoid

vault model was present, likely because of the ability to

better appreciate anterior glenoid bone loss and glenoid

anteversion. The vault model may also help with dis-

tinguishing transitions between A1, A2, B1, B2, and B3

glenoids in certain cases by allowing a better appreciation

of central and/or posterior glenoid bone loss, as well as in

distinguishing B2, B3, C1, and C2 glenoids in certain cases

by demonstrating normal or abnormal premorbid glenoid

version. However, this was not formally evaluated in this

study, and future work is needed to quantitatively assess

this.

The individual cases with the lowest reliability in clas-

sifying by modified Walch type in this study were not al-

ways those with severe pathology, however, but were often

cases with milder pathology, where the transition or

distinction between one modified Walch type and another

may be subtle. This finding highlights that transition points

between modified Walch types can be difficult to

Table V Interobserver reliability by Gwet AC1 method with 95% confidence intervals (95% CI) when all group 1 and 2 cases were

combined and assessed by modified Walch classification major groups

Modified Walch classification major groups Glenoid vault model absent Glenoid vault model present

All readers (95% CI) Readers �0.6 (95% CI) All readers (95% CI) Readers �0.6 (95% CI)

A 0.43 (0.35, 0.52) 0.60 (0.48, 0.73) 0.46 (0.39, 0.53) 0.59 (0.46, 0.72)

B 0.52 (0.46, 0.57) 0.57 (0.50, 0.63) 0.50 (0.44, 0.56) 0.54 (0.48, 0.61)

C 0.44 (0.37, 0.50) 0.42 (0.33, 0.51) 0.36 (0.29, 0.44) 0.33 (0.26, 0.41)

D 0.25 (0.08, 0.42) 0.22 (�0.01, 0.45) 0.49 (0.15, 0.84) 0.53 (0.04, 1)

CI, confidence interval.

Results are shown with and without the presence of the glenoid vault model, as well as for all readers and those with intrarater reliability by Cohen kappa

statistic of 0.6 or higher.

Table IV Interobserver reliability by Gwet AC1 method with 95% confidence intervals (95% CI) when all group 1 and 2 cases were

combined and assessed by modified Walch classification type

Modified Walch classification type Glenoid vault model absent Glenoid vault model present

All readers (95% CI) Readers �0.6 (95% CI) All readers (95% CI) Readers �0.6 (95% CI)

A1 0.44 (0.30, 0.57) 0.52 (0.29, 0.75) 0.43 (0.35, 0.52) 0.46 (0.23, 0.69)

A2 0.43 (0.30, 0.55) 0.65 (045, 0.85) 0.49 (0.37, 0.61) 0.66 (0.45, 0.88)

B1 0.35 (0.24, 0.45) 0.42 (0.20, 0.64) 0.25 (0.16, 0.35) 0.28 (0.07, 0.49)

B2 0.61 (0.51, 0.70) 0.60 (0.51, 0.70) 0.54 (0.45, 0.64) 0.54 (0.45, 0.64)

B3 0.49 (0.42, 0.56) 0.59 (0.50, 0.68) 0.56 (0.47, 0.64) 0.64 (0.54, 0.74)

C1 0.53 (0.44, 0.63) 0.52 (0.36, 0.67) 0.37 (0.20, 0.53) 0.33 (0.15, 0.51)

C2 0.39 (0.30, 0.47) 0.34 (0.22, 0.46) 0.35 (0.25, 0.45) 0.32 (0.22, 0.42)

D 0.25 (0.08, 0.42) 0.22 (�0.008, 0.45) 0.49 (0.15, 0.84) 0.53 (0.042, 1)

CI, confidence interval.

Results are shown with and without the presence of the glenoid vault model, as well as for all readers and those with intrarater reliability by Cohen kappa

statistic of 0.6 or higher.
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distinguish with both milder and more severe pathology.

The lack of improvement in interobserver reliability when

comparisons were reduced to the major modified Walch

classification groups (A, B, C, D) also highlights that

transition points between modified Walch types can be

difficult to distinguish both within and across these major

groups. Interestingly, B2 glenoids had the highest interob-

server reliability of all of the modified Walch types in the

current study. This finding may relate to the characteristic

glenoid biconcavity that defines the B2 glenoid and is

consistently present even if the other pathologic features of

a B2 glenoid can vary from mild to severe.

Group consensus methods to define thresholds or more

automated analysis techniques may be needed to better

differentiate transition points between Walch types and

improve the reliability of the modified Walch classification

when applied to individual cases. Even when ‘‘good’’

readers, as defined by those with a kappa value of 0.6 or

higher for intraobserver reliability, were analyzed sepa-

rately in this study, there was no better agreement level on

interobserver reliability when compared to readers overall

in nearly all comparisons. This finding suggests that even

internally consistent readers are applying criteria to select a

particular modified Walch type in different ways when

compared to each other and supports the need to clarify the

definitions of the modified Walch classification to improve

reliability. The ability to reproducibly separate patients into

groups based on preoperative pathology, including modified

Walch type, is important for future studies to accurately

evaluate postoperative outcomes in TSA patient cohorts. It

remains unknown, however, whether lack of agreement

with regard to Walch classification is associated with a lack

of agreement with regard to treatment decision making.

Surgical decision making in cases with milder pathology,

for example, may be less controversial even if the modified

Walch classification does not have universal agreement. In

contrast, a moderate-to-severe B2 glenoid has a character-

istic appearance that may be easily classified but may have

a wide variation on the recommended surgical treatment

based on patient age, activity level, goals of pathologic

correction, etc.

The inter- and intraobserver reliability both with the

original and modified Walch classification has been vari-

able across prior studies. When using the original classifi-

cation, Scalise et al22 showed fair inter- and intraobserver

agreement in CT analysis of 23 patients by 4 experienced

shoulder surgeons with kappa statistics of 0.37 and 0.37,

respectively. Nowak et al18 showed moderate interobserver

(kappa ¼ 0.508) and substantial intraobserver (kappa ¼

0.611) agreement using CT scans of 26 patients classified

by 3 attending shoulder surgeons and 5 shoulder/sports

medicine–trained fellows. When Bercik et al1 first modified

the Walch classification, they found that interobserver

reliability improved from fair agreement (kappa ¼ 0.391)

with the original classification to substantial agreement

(kappa ¼ 0.703) using the modified classification, whereas

intraobserver reliability improved from moderate agree-

ment (kappa ¼ 0.605) with the original classification to

nearly perfect agreement (kappa ¼ 0.882) using the

modified classification in 3D CT analysis of 129 patients by

3 fellowship-trained shoulder surgeons. Shukla et al25 also

recently evaluated the modified Walch classification,

comparing axillary plain radiographs to CT for reliability.

In 100 shoulders with glenohumeral OA, the mean intra-

and interobserver agreements were kappa ¼ 0.73 and

kappa ¼ 0.55 for plain radiographs and kappa ¼ 0.72 and

kappa ¼ 0.52 for CT scans, respectively. However, the

agreement for the 3 fellowship-trained shoulder surgeons

between CT and radiographs after the first read was only 35

of 60 (58%).25 Although the current study shows lower

inter- and intraobserver reliability than other recent studies,

a strength of this study is the large number of readers (all

experienced shoulder surgeons) that participated from a

large number of institutions. These results may, therefore,

be more generalizable for clinical practice. Another

strength of the study is the use of 3D CT imaging analysis,

in which the 2D axial and coronal images were corrected to

the plane of the scapula. This method has been shown to

provide more accurate assessment of glenoid morphology

and pathology and humeral head alignment compared with

plain radiographs and uncorrected 2D CT imaging,1-3,15,23

and 3D CT imaging analysis software is now widely

commercially available for preoperative planning in

TSA.1,13,14

There were several limitations to the current study. First,

there is no gold standard of determining the correct modi-

fied Walch classification for a given case. Two of the study

authors initially classified all of the cases by consensus

using the criteria described by Bercik et al1 and Iannotti

et al,10 and it is possible that they misclassified cases

compared to the readers in each case group. However,

kappa statistics to determine inter- and intraobserver re-

liabilities for each case group are based only on agreement

across or within readers, not on a correct choice. Second,

the reasons for low reliability or agreement in modified

Walch type for a given case were not extensively evaluated

in the current study, including assessing the factors readers

may have prioritized to select a particular Walch type for a

given case or the association of certain pathologic CT

measurements (glenoid version and bone loss, humeral

head subluxation, etc.) with high or low reliability across

cases. Readers may also have varying abilities to visually

interpret CT images, including differing ability to interpret

2D vs. 3D images, that were not evaluated. For example,

‘‘good’’ readers in this study showed higher interobserver

reliability for selecting A2 cases than readers overall, a

difference that may in part be related to an ability to better

visually distinguish bone loss in these cases. Further un-

derstanding the reasons for low reliability in certain cases is

a topic of future study and may help to refine the definitions

Walch reliability with 3-dimensional computed tomography 9



of the modified Walch classification to improve reliability.

Third, the study did not evaluate surgical decision making

across readers. As discussed above, it remains unknown

whether lack of agreement with regard to modified Walch

classification is associated with a lack of agreement with

regard to treatment choice. This is also a topic of future

study.

Conclusions

Inter- and intraobserver reliability of the modified Walch

classification were fair to moderate and moderate to

substantial, respectively, using standardized 3D CT im-

aging analysis in a large multicenter study, both when

evaluating the classification as a whole and when look-

ing at a subset of cases associated with posterior glenoid

deformity. Future studies should seek to further refine

thresholds or criteria of the modified Walch types to

improve the reliability of the modified Walch classifi-

cation when applied to individual cases. In addition, the

impact of such classification as it relates to treatment

selection should be further evaluated to determine the

critical thresholds between Walch types. The ability to

reproducibly separate patients into groups based on

preoperative pathology, including modified Walch type,

is important for future studies to accurately evaluate

postoperative outcomes in TSA patient cohorts. This

may also help to determine the importance of quantita-

tive measures of preoperative pathology compared to the

Walch classification on postoperative outcomes.
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