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Proximal humerus fracture sequelae: are corrective osteotomies still a
taboo? The role of three-dimensional preoperative planning and
patient-specific surgical guides for proximal humerus corrective

g 0Steotomy in combination with reverse shoulder arthroplasty

4> Andrea Cozzolino, MD?, Antonio Guastafierro, MDP, Alessio Bernasconi, PhD?,
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ADepartment of Public Health, University of Naples Federico II, Naples, Italy
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ARTICLE INFO

Keywords:

Three-dimensional
Patient-specific instrumentation
Humerus

Malunion

Virtual planning

3D printing

Fractures sequelae

Shoulder arthroplasty

Level of evidence: Level 1V; Case Series;
Treatment Study

Background: Symptomatic proximal humeral fracture sequelae (PHFS) represent a surgical challenge
due to the altered bone and soft tissue morphology. The purpose of this study was to report the outcome
of Multiplanar Corrective Humeral Osteotomies (MCHOs) in combination with reverse total shoulder
arthroplasty (rTSA) performed following a three-dimensional (3D) preoperative planning and using a
3D-printed patient-specific surgical instrumentation (PSI) in type 1C, 1D, and 4 PHFS.
Methods: In this prospective monocentric study, we enrolled patients affected by symptomatic PHFS
type 1C, 1D, or 4 of Boileau’s classification, treated between 2018 and 2019 with rTSA associated to MCHO
and followed-up at 12 and 24 mo. The preoperative and postoperative Constant score (CS), visual analog
scale, and Disabilities of the Arm, Shoulder and Hand (DASH) score were recorded. All patients under-
went a preoperative computed tomography, then a dedicated software was used to run a segmentation
algorithm on computed tomography images. Metaphyseal bone cuts were virtually performed before
surgery in all patients, and a 3D-printed PSI was used to reproduce the planned osteotomies in vivo.
Results: Twenty patients completed a 2-y follow-up. The mean (+ standard deviation) CS, visual analog
scale, and DASH values improve from 24.3 (+ 8.8), 6.5 (+ 1.3), 60.7 (+ 9.6) preoperatively, to 67.7 (+ 11.4), 1.6
(+ 0.8), 24.1 (+ 13.1) points after surgery, respectively. The minimally clinical important difference for CS
and DASH score was achieved in 95% of patients. No major complication was observed. One patient showed
an unexplained worsening of clinical scores between the 12 and the 24-mo follow-up, while in one patient
bone resorption of the greater tuberosity was observed on radiographs at 2 y, with no clinical impact.
Conclusion: The combination of preoperative 3D planning and intraoperative use of 3D-printed PSI to
perform MCHO as concurrent procedure in the context of rTSA in the treatment of Boileau type 1C, 1D,
and 4 PHFS may lead to a satisfactory clinical outcome at 2 y of follow-up.

© 2022 The Author(s). Published by Elsevier Inc. on behalf of American Shoulder and Elbow Surgeons.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

Proximal humeral fracture sequelae (PHFS) are a cause of shoulder the deformity (intracapsular or extracapsular) and to the status of the
stiffness, significant chronic pain, and disability.">!"181924 In 2001,  tuberosities.” In 2012, the same author updated the classification
Boileau et al classified PHFS into 4 main types according to the level of system by adding 4 different subgroups to type 1, that is, type 1A in

presence of osteonecrosis, type 1B for post-traumatic arthritis, type
1C and 1D for valgus and varus malunion, respectively.'®

Local ethical committee approval was obtained by the local health authority In case of symptomatic PHFS, the surgical treatment may vary
(Comitato Scientifico Campania Nord - A.S.L. Caserta). Study N°1269876/AAGG. from corrective osteotomies to hemiarthroplasty, anatomic, or

Postal address: Via G.Carducci 42, 80121. Naples, Italy.
*Corresponding author: Raffaele Russo MD, Department of Orthopedic Surgery,

Pineta Grande Hospital, Castelvolturno (CE), Italy.

E-mail address: raff.russo55@gmail.com (R. Russo).

https://doi.org/10.1016/j.jseint.2022.09.016

reverse total shoulder arthroplasty (rTSA).>!72427.31.37.4046 |t jg

known that the functional outcome after surgery in patients with
malunion is generally less satisfactory than the one achieved in

2666-6383/© 2022 The Author(s). Published by Elsevier Inc. on behalf of American Shoulder and Elbow Surgeons. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Please cite this article in press as: A. Cozzolino, A. Guastafierro, A. Bernasconi et al., Proximal humerus fracture sequelae: are corrective
osteotomies still a taboo? The role of three-dimensional preoperative planning and patient-specific surgical guides for proximal humerus
corrective osteotomy in combination with reverse shoulder arthroplasty, JSES International (2022), https://doi.org/10.1016/j.jseint.2022.09.016
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Figure 1 3D assessment of the malunion. 3D models of the pathologic humerus (purple) and the healthy contralateral humerus (green) were generated using a segmentation
software (A). The healthy contralateral humerus (green) was mirrored (B) and superimposed to the pathological model (C) to appreciate and measure the deviations of the
deformity. Reproduced by permission of Russo R, Cozzolino A, Guastafierro A, Della Rotonda G, Viglione S, Ciccarelli M, Mortellaro M, Minopoli P, Fiorentino F, Pietroluongo LR, and
Wolters Kluwer Health, Inc. Use of 3D planning and patient-specific guide for proximal humerus corrective osteotomy associated with shoulder prosthesis implantation in proximal
humerus varus maluninon. Tech Hand Up Extrem Surg 2021. Further reproduction, distribution, or transmission is prohibited, except as otherwise permitted by law. 3D, three-

dimensional.
Table I
Differences between PHFS types according to greater tuberosity position and rotator cuff status.
PHFS type 1A—-1B-2 1C 1D 4A
GT position undisplaced lateral to diaphysis medial to diaphysis medial to the humeral head

1C-1D-4A

Posterior rotator cuff
atrophy is graded as Goutallier <3 or <2,
respectively

Reparable if: infraspinatus and teres minor fat

4B
Irreparable if: infraspinatus and teres minor fat atrophy is graded
as Goutallier > 3, or > 2, respectively

GT, greater tuberosity.

patients treated acutely, with an associated higher risk of compli-
cation.*®1%18 This may be explained by the longer delay between
trauma and surgery, the amount of tuberosity displacement, the
chronic soft tissue retraction, the metaphyseal bone loss, the
complexity of revision surgery after failed osteosynthesis, and the
patient functional expectations.®!"13:23.35

In particular, PHFS types 1C, 1D, and 4 represent a surgical
challenge due to the high anatomical variability of the proximal
humerus, the difficulties encountered during the positioning of the
humeral prosthetic stem’ and the absence of a standardized
approach to these patients. Interestingly, many authors have
advised against performing greater tuberosity osteotomies in the
setting of prosthetic replacement of the shoulder due to the poor
clinical outcome and the high complication rate.® On the other side,
during the last years, three-dimensional (3D) virtual preoperative
planning and custom-made surgical guides have been made
available and proven as valuable aids in this kind of surgery,'>*>
enabling surgeons to evaluate post-traumatic deformities in a 3D
environment and to plan osteotomies with greater accuracy.*>#*

With this background, we performed a study aimed 1) to
identify PHFS subgroups requiring similar osteotomy patterns and
2) to report the outcome of Multiplanar Corrective Humeral
Osteotomies (MCHOs) performed following a 3D preoperative
planning and using a 3D-printed patient-specific surgical instru-
mentation (PSI) in type 1C, 1D, and 4 PHFS as concurrent proced-
ures in rTSA.

Methods
Study design
After Local Ethical Committee approval, a prospective mono-

centric study was conducted at the ‘Second Orthopaedic Unit’ of
the ‘Pineta Grande Hospital’ (Castel Volturno, Italy) from January

2018 to December 2019, enrolling patients presenting with type
1C, 1D, and 4 symptomatic PHFS treated with MCHO in combi-
nation to rTSA. Exclusion criteria were isolated post-traumatic
arthritis or humeral head necrosis (PHFS types 1A and 1B), PHFS
associated to chronic glenohumeral dislocation (PHFS type 2),
PHFS in which a MCHO was not part of the surgical strategy, pa-
tients treated with an isolated MCHOs, and patients affected by
infection.

Algorithm of treatment

A stepwise approach was systematically applied to all patients,
including: 1) a preoperative 3D assessment of the deformity, 2)
planning and virtual reproduction of the MCHO, 3) design of PSI
(cutting guides), and 4) surgery.

Preoperative 3D assessment of the deformity
A 64-slice computed tomography (CT) scan of the shoulder

was performed in all cases. DICOM images were then elaborated n=2

using a dedicated software for segmentation (Mimics 22, Mate

rialize, Leuven, Belgium) (Fig. 1A) in order to generate a 3D
model of the humerus. The deformity was quantified based on a
comparison with either the healthy contralateral side (if avail-
able) or the standard values reported in literature.®'%!® The
healthy contralateral model was mirrored and superimposed
onto the pathologic model (Fig 1A-C) (overlap method) which
allowed to measure the degree of displacement and rotation of
bony parts.

Ten anatomic variables were recorded for each case as shown in
Tables I and II.

According to the aforementioned 10 variables, 4 different
anatomic scenarios were identified, which led us to introduce a
new subtype (4B) to the Boileau and Moineau classification, as
follows:
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250 Table Il 315
251 Preoperative demographic and radiological data of included patients according to the type of PHFS. 316
252 Type 1C Type 1D Type 4A Type 4B Total 317
253 N° of patients 4 8 6 2 20 318
254 Age mean =+ SD (y) 717 + 68 745 + 44 69 + 4.5 4943 69.7 + 8.8 319
255 Gender (M/F) 0/4 1/7 0/6 11 2/18 320
256 Previous treatment (conservative/surgical) 4/0 5/3 4/2 0/2 13/7 321
257 Delta time mean + SD (mo) 9.6 +33 8+74 52.3 +68.2 10+2 252 +47 322
Neck shaft angle mean + SD (°) 165 + 12 100 + 19 159 + 35 210+ 10 141 + 44
258 Torsion angle mean + SD (°) -30+15 —-33+24 -23+16 —-135+15 —47 + 48 323
259 Anteroposterior tilt mean + SD (°) —25+ 10 -8+23 —14+14 —22+12 ~12+18 324
260 Coronal translation mean + SD (mm) -15+7 6+ 10 1+4 2+2 0+11 325
261 Parasagittal translation mean + SD (mm) 1.5+35 —6+9.1 08+ 1.8 4+4 -16+74 326
262 Arthritis ) 2 2 3 2 9 327
Humeral Head Necrosis 2 1 1 0 4
263 328
264 PHFS, proximal humeral fracture sequelae; SD, standard deviation. 329
265 330
266 331
267 Cc 332
268 333
269 334
270 335
271 336
272 337
273 338
274 339
275 340
276 341
277 - 342
278 . ) . A . ) . . N 343
Figure 2 Type 1C PHFS. (A) true anteroposterior radiograph view, (B) coronal 3D CT scan, and (C) sagittal 3D CT scan view of a valgus displaced proximal humerus malunion with
g;g greater tuberosity healed lateral to the humeral diaphysis. PHFS, proximal humeral fracture sequelae; 3D, three-dimensional; CT, computed tomography. gig
281 346
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296 Figure 3 Type 1D PHFS. (A) true anteroposterior radiograph view, (B) coronal 3D CT scan, and (C) sagittal 3D CT scan view of a varus displaced proximal humerus malunion with 361
297 greater tuberosity healed medial to the lateral cortex of the humeral diaphysis. PHFS, proximal humeral fracture sequelae; 3D, three-dimensional; CT, computed tomography. 362
298 363
299 364
300 365
301 e Type 1C — Valgus displaced malunion with the greater tu- e Type 4A — Medial displacement of the greater tuberosity, 366
302 berosity positioned lateral to the diaphysis; usually associ- associated to a reparable posterior rotator cuff; the humeral 367
303 ated to medial translation of the diaphysis and lateral cortex head could be aligned in varus, valgus, or non united (Fig. 4A-C). 368
304 bone loss. In this setting, the use of a prosthetic stem, o Type 4B —Medial dislocation of the greater tuberosity associated 369
305 without correction of the deformity, would lead to an to a complete lack of posterior rotator cuff (Fig. 5A-C); the hu- 370
306 increased offset with excessive rotator cuff tension and joint meral head could be aligned in varus, valgus, or non united. 37
307 stiffness (Fig. 2A-C). 372
308 e Type 1D — Varus displaced malunion with the greater tuberosity 373
309 placed medial to the diaphysis; usually associated to humeral Planning of the MCHO 374
310 head retroversion, parasagittal posterior tilt, and medial and The 4 principles followed during the planning of MCHO were 1) 375
311 posterior calcar bone loss. The use of a prosthetic stem, without the realignment of the humeral metaphysis and the shaft (in order 376
312 correction of the deformity, could increase the risk of fracture of to reduce the risk of intraoperative fracture during broaching), 2) a 377
313 the greater tuberosity and to create a prominence of the inferior positioning of the fragments which might maximize the surface 378
314 part of the humeral head (Fig. 3A-C). contact area between them, 3) the protection of the posterior 379
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Figure 4 Type 4A PHFS. (A) true anteroposterior radiograph view, (B) coronal 3D CT scan, and (C) sagittal 3D CT scan view of a valgus displaced malunion with medial dislocation of

the greater tuberosity respect the humeral head, and a reparable posterior rotator cuff. PHFS, proximal humeral fracture sequelae; 3D, three-dimensional; CT, computed tomography.

Figure 5 Type 4B PHFS. (A) true antero-posterior radiograph view, (B) coronal 3D CT scan, and (C) sagittal 3D CT scan view of a a valgus displaced malunion with medial dislocation
of the greater tuberosity respect the humeral head, and an irreparable posterior rotator cuff.

Figure 6 Reverse arthroplasty for type 1D PHFS. Preoperative (A) and postoperative (B) anteroposterior radiographs of a patient after linear osteotomy and reverse shoulder
prosthesis implantation with medial calcar graft to compensate the medial bone loss. Number 2, non-resorbable, transosseous wires were used to fix the metaphysis and the calcar

graft to the humeral stem and the diaphysis. PHFS, proximal humeral fracture sequelae.

rotator cuff tendons along with a minimum removal of bone, and 4)
the preservation of the length of the humerus. Different patterns of
surgery could be defined as follows:

e Anatomic or reverse arthroplasty for type 1C-1D

In the setting of TSA or r'TSA, a linear metaphyseal osteotomy of
the humerus was performed, as already published.*® The meta-
physeal osteotomy was first simulated in the coronal plane based
on the differences between the affected and the healthy side. The
same cut was then modified in the sagittal plane (in order to
modulate the anteroposterior translation of the proximal humerus)
and in the axial plane (in order to address the rotational component
of the deformity). Intraoperatively, K-wires were placed into the
cutting guides and were used as reference to assess the correct

rotation. In order to avoid an excessive humeral shortening, a
cuneiform resection was not considered. Once the osteotomy had
been completed, the humeral prosthetic stem was handled as a nail
(“shish-kebab” technique® ). The metaphyseal fragment was fixed
to the prosthetic stem and to the humeral diaphysis using non-
resorbable, number 2, transosseous sutures. If needed, a humeral
head bone graft could be used to fill the humeral bone loss sec-
ondary to the correction of the proximal humeral deformity (Fig. 6).

e Reverse arthroplasty for type 4A

If the greater tuberosity was healed but medially displaced, a
patient-specific surgical guide was used to preserve it as a bony
fragment during the osteotomy. This fragment was released from the
surrounding adhesions and fixed through multiple non-resorbable,
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Figure 7 Reverse arthroplasty for type 4A PHFS. Preoperative (A) and postoperative (B) anteroposterior radiographs of a patient after greater tuberosity osteotomy and implantation

of a reverse prosthesis. PHFS, proximal humeral fracture sequelae.

Figure 8 Anatomical patient-specific osteotomy guide used for a greater tuberosity
osteotomy with a deltopectoral approach. Reproduced by permission of Russo R,
Cozzolino A, Guastafierro A, Della Rotonda G, Viglione S, Ciccarelli M, Mortellaro M,
Minopoli P, Fiorentino F, Pietroluongo LR, and Wolters Kluwer Health, Inc. Use of 3D
planning and patient-specific guide for proximal humerus corrective osteotomy
associated with shoulder prosthesis implantation in proximal humerus varus malu-
ninon. Tech Hand Up Extrem Surg 2021. Further reproduction, distribution, or trans-
mission is prohibited, except as otherwise permitted by law.

number 2, transosseous sutures to the prosthetic stem and to the
humeral diaphysis. Indeed, the humeral stem could be inserted by
resecting only a thin cartilagineous layer, keeping the dislocated
humeral head in situ. A second surgical neck osteotomy was usually
not required. (Fig. 7).

e Reverse arthroplasty for type 4B

In case of severe fatty infiltration of the rotator cuff muscles, or
whenever the greater tuberosity could not be clearly identified, we
performed a proximal humerus resection and we used a proximal
humerus allograft to restore the humeral length, as previously
published.® The posterior cuff on the allograft was sutured to the
residual posterior scar tissue, with the aim to obtain a tenodesis
effect and restore some external rotation. A 3D preoperative plan-
ning was used to perform correctly both the humeral and the
allograft bone cuts, without any PSI.

Table IIT
Surgical procedure performed according to the type of PHFS.

Type 1C Type 1D Type 4A Type 4B Total

N° of patients 4 8 6 2 20
PSI 4 8 5 0 17
Isolated linear osteotomy SN 4 8 0 2 14
Isolated linear osteotomy GT 0 0 5 0 5
Multiple osteotomy (SN + GT) 0 0 1 0 1
Uncemented/cemented stem  2/2 8/0 4/2 0/2 14/6
BIO-RSA 1 0 2 1 4
Massive allograft 0 0 0 2 2

PHFS, proximal humeral fracture sequelae; PSI, patient-specific instrumentation;
rTSA, reverse total shoulder arthroplasty; SN, surgical neck; GT, greater tuberosity;
BIO-RSA.bony, increased offset reverse shoulder arthroplasty..

Design of PSI

Cutting guides were created to adapt uniquely to the specific
anatomy of the patient, with 3 divergent K-wire holes to ensure
adequate stability during the bone cut (Fig. 8). Guides were 3D
printed using a biocompatible photopolymer resin. Before surgery,
a simulation of the planned osteotomy was performed to verify the
feasibility of the procedure and to anticipate potential critical
points. On the day of the surgery, cutting guides were prepared in a
hydrogen peroxide gas plasma sterilizer (STERRAD, Irvine, CA,
USA), reducing the risk of volumetric or morphological changes.*®

Collection of data

Preoperative data including age, sex, type and level of activity,
date of the initial trauma, previous treatments, active range of
movement, Constant score (CS), visual analog scale (VAS), and
Disabilities of the Arm, Shoulder and Hand (DASH) score, the pos-
itivity to the hornblower sign and the presence of the lag sign in
external rotation were collected at baseline. Preoperative radio-
graphs and CT scan (as already described) were recorded. Clinical
scores and examinations (active range of movement, Hornblower
sign, and lag sign) were further recorded at 1 and 2 y of follow-up.
True anteroposterior, outlet and axillary shoulder radiographs were
analyzed after surgery, at 1 and 2 y of follow-up. Scapular notching
was graded according to the Sirveaux classification.>? Greater tu-
berosity resorption was defined as partial or complete based on the
comparison with radiographs taken immediately after surgery.
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Table IV
Preoperative and 2-y follow-up clinical results according to the type of PHFS.
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N° of patients CS mean + SD DASH mean + SD

VAS mean + SD

AAE mean + SD (°)

AER mean + SD (°)

Preop 24 M Preop 24 M Preop 24 M Preop 24 M Preop 24M
Type 1C 4 27 +7.7 69 +94 619 +4.9 183 + 6.2 6.2+ 1.1 1+08 76 + 26 135+ 19 -7+ 15 8+7
Type 1D 8 25.6 +10.1 65.1 +12.8 59.2 + 11 32 +18.8 7+17 1.5+12 79 + 20 131+ 20 -10+17 12+ 10
Type 4A 6 232+74 74.6 + 3.3 60.3 + 10.8 184 + 6.8 6.2 +0.9 1.8+0.8 62 + 12 160 + 8 —-14 +£10 25+ 15
Type 4B 2 17 +2 60 + 15 652 +23 296 +5.6 6.5+ 0.5 25+05 55+5 130 + 30 -20+10 5+5
Total 20 243 + 8.8 67.7+114 60.7 + 9.6 24.1 +13.1 65+ 13 1.6 + 0.8 72 +18 139 + 21 12+ 13 13 +12

SD, standard deviation; rTSA, reverse total shoulder arthroplasty; CS, Constant score; DASH, Disabilities of the Arm, Shoulder and Hand; VAS, visual analog scale; AAE, active

anterior elevation; AER, active external rotation at side.

Table V

Clinical parameter scores for all the patients at TO (preoperative), T1 (12 mo), and T2
(24 mo). Multi-comparison tests were performed with ANOVA test for repeated
measures into groups and the Bonferroni correction (B) of P-value was used in
pairwise comparison into groups between two consecutive control points. Scores
are indicated as mean + standard deviation.

TO T1 T2 P-value

cS 243 + 8.8 67.2 + 8.7 67.7 + 114 <.001 (ANOVA)
TO-T1 = <.001 (B)
T1-T2 =1 (B)

DASH 60.7 + 9.6 24 +69 241 £ 13.1 <.001 (ANOVA)
TO-T1 = <.001 (B)
T1-T2 =1 (B)

VAS 65+13 1.5+0.7 1.6 £ 0.8 <.001 (ANOVA)
TO-T1 = <.001 (B)
T1-T2 =1 (B)

AAE (°) 70 + 21,4 142 + 29,3 140 + 25,5 <.001 (ANOVA)
TO-T1 = <.001 (B)
T1-T2 = 1 (B)

AER (°) -9,4 + 16,2 133 +11,5 154 + 12,9 <.001 (ANOVA)

TO-T1 = <.001 (B)
T1-T2 = 1 (B)

AAE, active anterior elevation; AER, active external rotation at side; CS, Constant
score; DASH, Disability of the Arm, Shoulder and Hand questionnaire; VAS, visual
analog scale; ANOVA, analysis of variance.

Glenoid or humeral loosening was defined as migration or rotation
of the respective component. Humeral stem radiolucencies were
classified according to Sanchez-Sotelo et al.*>?*4 Humeral stress
shielding was evaluated according to Nagels et al.?°

Statistical analysis

Data were reported as mean + standard deviation or as numbers
(percentages). The values were tested for normal distribution using
the Shapiro-Wilk test. Comparison between preoperative clinical
scores (CS, DASH, VAS, active anterior elevation, active external
rotation at side) and 1- and 2-y follow-up values was performed
using an ANOVA with Bonferroni correction. Univariate analysis
was carried out to test demographics (sex and age), clinical vari-
ables (interval between the initial trauma and the definitive sur-
gery, type of previous treatment [conservative vs surgical], type of
PHFS), radiological variables (10 CT-based variables which have
been described above), and surgical variables (type of surgery)
against all clinical scores at baseline (TO), 1-y (T1), and 2-y (T2)
follow-up, using Pearson’s correlation (for continuous variables) or
point-biserial correlation (for categorical variables). The degree of
correlation was judged as high for coefficient values between 0.5
and 1, moderate between 0.3 and 0.49, and low if lower than 0.29.
Variables showing a statistically significant association were
included in a multivariate model in order to identify predictors of
outcome. The level of significance was set at P < .05. Statistical
analysis was performed using Statistical Package for Social Sciences
(SPSS) Version 20.0 (IBM, Armonk, NY, USA).

Results
Study population

Twenty-nine patients were initially included in the study. Six
patients were excluded due to an infection detected during the first
of a 2-stage procedure. Two patients treated with an isolated MCHO
fixed with plate and screws were also excluded. One patient died
after coronavirus (COVID-19) infection before completing the 2-y
follow-up, leaving 20 patients available for the final analysis. All
patients were operated by the senior author (R.R.). Thirteen pa-
tients had initially been treated conservatively while 7 patients had
undergone surgery (percutaneous pinning and locking plate in 3
and 4 cases, respectively). The mean time between the initial
trauma and the inclusion in the study was 25.2 mo (range 3 to 156).

In 6 patients, we could not use the contralateral side CT scan to
complete the preoperative 3D evaluation of the deformity. Indeed,
4 patients were affected by a previous controlateral humerus
fracture, 1 patient was previously operated with rTSA, and in 1
patient we decided to not repeat the CT scan after motion artifact.

According to the above discussed classification, we defined 4
cases as type 1C, 8 as 1D, 6 as 4A, and 2 as 4B. Preoperative clinical
and radiological parameters, according to the specific subgroup of
inclusion, have been depicted in Table II.

Surgical procedure

Surgical procedure details according to the type of PHFS are
resumed in Table III.

In all patients, an inlay 155° stem and a 36° glenosphere (SMR
LIMA, Italy) were used. In 14 patients, (70%) a cementless stem was
implanted. In 2 patients, affected by type 4B PHFS, a proximal humerus
allograft with the attached posterior rotator cuff tendon was used.

A linear humeral neck osteotomy was performed in 14 cases, an
isolated greater tuberosity osteotomy in 5 cases, and multiple
osteotomies (both humeral neck and greater tuberosity) in 1 case. In
2 cases, a 2-stage surgery was needed (metalwork removal followed
by a definitive procedure). In 17 cases, PSI was 3D printed and in 2
cases the preoperative planning was modified during surgery. Spe-
cifically, in one patient initially classified as 4A and scheduled to have
a double osteotomy (greater tuberosity and surgical neck) the greater
tuberosity was intraoperatively deemed to be in an acceptable po-
sition and a decision to perform only the surgical neck osteotomy
was made. This patient was then reclassified as type 1D. In another
patient, initially classified as 4B and for which an allograft of the
proximal humerus had been prepared, teres minor was found intact
(type 4A). As such, the allograft was not used.

Clinical outcome

The mean (+ standard deviation) CS, VAS, and DASH values
improve from 24.3 (+ 8.8), 6.5 (+ 1.3), 60.7 (+ 9.6) preoperatively, to
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Figure 9 Postoperative greater tuberosity resorption and humeral lateral cortex stress shielding, 2 years after RSA associated with MCHO. Postoperative (A) and 2 year follow-up (B)
anteroposterior radiograph showing partial tuberosity resorption not associated to loss of forward elevation and external rotation (C). Written informed consent was obtained from
the patient(s) for their anonymized information and for clinical pictures to be published in this article.

67.7 (+ 11.4), 1.6 (+ 0.8), 24.1 (+ 13.1) points after surgery, respec-
tively (Tables IV and V). A statistically significant improvement was
observed already at 1 y of follow-up (Table V). The minimally
clinical important difference for CS and DASH score *! was achieved
in 95% of patients. The clinical outcome remained stable at 1- and
2-y follow-up except for one patient, aged 78, affected by a type 1D
PHFS, in which the CS decreased between the 1- and 2-y follow-up
(from 60 to 38 points) with no radiological evidence of resorption
of the greater tuberosity.

In the 2 patients for which a massive allograft was necessary,
even if the hornblower sign remained positive, we documented a
mean gain of active external rotation (from -30° and 10°) and active
external rotation in adduction (from -10° to 0°) by 30°, with a DASH
score of 24 and 35.3 points.

Complications

No intraoperative complication was recorded. An overall post-
operative complication rate of 10% was observed. One patient
presented with a postoperative wound drainage, successfully
treated with antibiotics and vacuum therapy. Scapular notching
grade 1 and grade 2 were observed in 4 (20%) and 1 cases (5%),
respectively. In 1 case affected by type 1D PHFS, a partial resorption
of the greater tuberosity associated to lateral cortex stress shielding
graded as L2 was observed at the radiological 2-y follow-up, with
no clinical impact on the patient (Fig. 9).

Predictors of outcome

At the univariate analysis, age correlated moderately but
significantly with the CS (negative correlation; R = -0.4; P =.004)
and VAS (positive correlation, R = 0.39; P = .048) at baseline. No
significative difference was observed between patients affected by
type 1 and 4 PHFS. No other correlation was found between all the
included variables and the clinical score.

Discussion

The most important finding of this study is that MCHO in
combination with rTSA is a viable option to treat PHEFS. In this se-
ries, the adoption of the preoperative 3D planning and PSI allowed
to obtain a significant clinical improvement at 1 y of follow-up,
which was maintained until 2 y from surgery. The overall compli-
cation rate of 10% was deemed encouraging, especially considering
the complexity of the procedures described. Furthermore, although
we were unable to identify clear predictors of outcome, we

reported a precise algorithm of treatment to tackle a heteroge-
neous, insidious, and challenging condition as PHFS.

Looking upon the literature, it has been showed that the current
tendency to treat proximal humeral fractures in a conservative way
might increase the risk of symptomatic malunion and PHFS.'* In
this latter case, should the patient undergo rTSA, an accurate
placement of the stem could be technically difficult with a high rate
of complications.>®'822 In order to correct humeral deformities
without performing an osteotomy of the greater tuberosity, Neer
recommended to ream eccentrically the medullary canal and to use
an undersized humeral stem placed in a nonanatomic position.?’
Conversely, other authors have proposed to use stemless or onlay
stem prostheses.>!>?8 Of note, Ballas et al reported the results of 27
patients which had received an anatomic stemless implant for type
1 (19 cases), type 2 (2 cases), and type 4 (6 cases) PHFS, without
osteotomy of the greater tuberosity. At a mean follow-up of 44 mo,
a similar CS for the different PHFS types (approximately 61 points)
was found, with one case of revision (4%) to rTSA at 1 y due to
rotator cuff failure.> In our experience, stemless implants do not
represent a solution for all situations. As an example, in case of
previous osteosynthesis, the poor bone quality of the proximal
humerus might jeopardize the primary stability of a prosthesis.
Also, it should be considered that a nonanatomic positioning of a
stemless prosthesis could reduce the survivorship of the implant.

Total shoulder arthroplasty (either anatomic or reverse) for type
1C, 1D, 3, and 4 PHFS is associated to a high rate of postoperative
complications. Previous studies reported an intraoperative fracture
rate between 6.8% and 33%.5'%2°26 In a review including 9 studies
and 234 patients affected by PHFS (without any distinction about
subtype) treated with rTSA, Holton et al reported a 29% rate of
severe complication (dislocation in 16.7%, infection in 6.8%, peri-
prosthetic fracture in 3%, and nerve injury in 2.6% of cases) . In
2020, Boileau et al reported the results achieved in 98 patients
presenting with PHFS, undergone rTSA and followed at a minimum
of 5 y. Out of them, in 40 patients (affected by type 3 and 4 PHFS)
the authors additionally performed a greater tuberosity osteotomy
or excision, which was associated to a poorer clinical outcome (CS
of 59 vs 49 points), a higher complication rate (6% vs 33%), and a
shorter survival rate of the implant (100% vs 85%) .° Conversely, in
our series r'TSA in combination with MCHO enabled to achieve a
more satisfactory clinical outcome at 2 y (CS 67 points) along with a
lower complication rate (10%). Nevertheless, we observed a limi-
tation of active external rotation (mean 13°), in contrast to the value
observed in patients operated with rTSA for other etiologies.*> It
should be emphasized that Boileau et al did not distinguish the
results found after greater tuberosity osteotomy or excision, neither
reported details about the timeframe in which the bone resorption
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of the tuberosity occurred. In our opinion, at least 4 elements
should be considered in order to potentially explain our results.
First, in our series, only 35% of PHFSs (as compared to 53% in the
study by Boileau et al) had previously undergone a surgical treat-
ment, which in turn may negatively affect the bone quality of the
proximal humerus. Second, we used a cementless stem in 70% of
cases (as compared to 6% of cases reported in the Boileau’s series).
Taking into account a hypothetical negative impact of cement on
the healing process, these stems potentially contributed to obtain a
positive result in our cohort.® Third, the use of reverse allograft
prosthesis composite, in case of proximal humerus resection for
PHFS type 4B, could improve clinical outcome in the cases in which
Boileau reported the worst results. Lastly, the preoperative 3D
planning associated with PSI used in the majority of patients might
have helped perform a more accurate bone cut and achieve a more
precise final positioning of the bony fragments.

The authors acknowledge some limitations in this study. Pri-
marily, the lack of a control group. Although the presence of a
comparative group treated ‘without MCHO’ would have been
helpful, we think that the algorithm reported in this study might
represent a keystone for future comparative analyses. Second, the
small number of patients should be taken into account. However,
this was partially due both to the strict inclusion criteria and to the
relative short time interval of the study. Third, no subgroup analysis
regarding different types of PHFS was carried out in this study.
Fourth, the relatively short follow-up. However, the documentation
of clinical results at 1 and 2 y seem to suggest a relative stability of
results over time, which of course will need confirmation or dis-
proving in further studies.

Conclusion

The combination of preoperative 3D planning and intraoperative
use of 3D-printed PSI to perform MCHO as concurrent procedure in
the context of rTSA in the treatment of Boileau type 1C, 1D, and 4
PHFS may lead to a satisfactory clinical outcome which is maintained
at 2 y of follow-up. Further studies are warranted in order to shed
some further light on the value of MCHO in each type of PHFS and to
validate the algorithm proposed in this series.
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