
Academic Editor: Yong-beom Park

Received: 6 June 2026

Revised: 17 July 2026

Accepted: 23 July 2026

Published: 27 July 2026

Copyright: © 2026 by the authors.

Published by MDPI on behalf of the

Lithuanian University of Health

Sciences. Licensee MDPI, Basel,

Switzerland. This article is an open

access article distributed under the

terms and conditions of the Creative

Commons Attribution (CC BY) license.

Article

Preoperative Hemoglobin Discriminates Perioperative
Transfusion in Reverse Shoulder Arthroplasty: A Single-Center
Preliminary Study with Internal Validation and a Candidate
Blood-Preparation Threshold
Jaemin Lee , Seung Gyu Yang and Doo Sup Kim *

Department of Orthopedic Surgery, Wonju College of Medicine, Yonsei University,
Wonju 26426, Republic of Korea; megatal12@yonsei.ac.kr (J.L.); sgyang0202@yonsei.ac.kr (S.G.Y.)
* Correspondence: dskim1974@yonsei.ac.kr; Tel.: +82-33-741-1357

Abstract

Background and Objectives: Perioperative transfusion remains a burden after reverse shoulder
arthroplasty (RSA). Yet no RSA-specific tool with internally validated discrimination guides
preoperative blood preparation. This single-center preliminary study pursued three aims: to
derive and internally validate the discrimination of preoperative hemoglobin for transfusion
in a protocol-uniform RSA cohort, to characterize its net benefit by decision-curve analysis,
and to translate that discrimination into a candidate blood-preparation threshold. Materi-
als and Methods: This retrospective study analyzed 214 consecutive elective degenerative
primary RSA procedures by a single surgeon. Each was managed with maximal intra-
venous iron and without routine tranexamic acid. The primary outcome was perioperative
transfusion. The analysis fitted Firth penalized models to 213 procedures that included
17 transfusion events. The area under the curve (AUC) quantified preoperative-hemoglobin
discrimination, corrected for optimism by bootstrapping, and decision-curve analysis quan-
tified net benefit. Results: Transfusion occurred in 7.9% of procedures. Lower preoperative
hemoglobin was the prespecified primary predictor, with an adjusted odds ratio of 0.37 per
+1 g/dL. As a univariable continuous predictor, it discriminated transfusion with an AUC
of 0.867. Internal bootstrap validation showed negligible optimism. Decision-curve analysis
showed in-sample net benefit, though only a narrow margin over crossmatch-for-all at the
lowest thresholds. At the in-sample Youden cutoff, a hemoglobin above 11.4 g/dL identified
about two-thirds of patients. Among them, 1.4% were transfused, for a negative predictive
value of 0.99. Conclusions: Preoperative hemoglobin showed internally validated discrimina-
tion for transfusion. The 11.4 g/dL threshold and its net benefit are apparent (in-sample)
and remain fragile given 17 events. Together they define a candidate RSA blood-preparation
triage. Because the protocol withheld tranexamic acid, the threshold does not generalize
to tranexamic-acid-based practice. These are preliminary, single-center findings. External
multicenter validation in larger cohorts is required before adoption.

Keywords: reverse shoulder arthroplasty; blood transfusion; preoperative hemoglobin;
patient blood management; decision-curve analysis; type-and-screen

1. Introduction
Reverse shoulder arthroplasty (RSA) has expanded rapidly. Its indications now span

cuff tear arthropathy, massive irreparable rotator cuff tear, primary glenohumeral os-
teoarthritis, and complex proximal humeral fractures. Nationwide data illustrate this
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growth. In South Korea, total shoulder arthroplasty volume rose almost seven-fold between
2008 and 2017—from 513 to 3583 procedures per year—with reverse arthroplasty driving
most of this increase [1]. The most recent national-registry data confirm that the rise contin-
ues: the United Kingdom’s National Joint Registry recorded 8221 shoulder arthroplasties in
2023 [2]. As procedural volumes climb in an aging population, perioperative blood loss and
allogeneic transfusion remain clinically relevant sources of morbidity, cost, and prolonged
hospitalization. Transfused shoulder-arthroplasty patients show higher complications
and 90-day mortality, although confounding by indication cannot be excluded [3]. Periop-
erative blood loss is multifactorial. Surgical and technical determinants each contribute,
including longer operative time, humeral stem design, and closed-suction drainage [4–6].
Comorbidities and coagulation disorders amplify bleeding further—chronic antiplatelet
or anticoagulant therapy [7,8], an elevated preoperative international normalized ratio [9],
chronic liver disease [10], and inherited bleeding diatheses [11]. Among patient-level fac-
tors, low preoperative hemoglobin nonetheless remains the most consistent and modifiable
driver. It is an independent transfusion risk factor in shoulder arthroplasty [12] and shows
a graded relationship between anemia severity and transfusion [3,13], with iron-deficiency
anemia carrying a markedly elevated risk [14]. Because preoperative hemoglobin domi-
nates transfusion risk, it also anchors two upstream decisions. The first is how blood is
prepared, through ordering of type-and-screen versus more resource-intensive type-and-
crossmatch. The second is how anemia is corrected, through patient-blood-management
programs that include preoperative intravenous (IV) iron [15] and intraoperative tranex-
amic acid (TXA). TXA reliably reduces blood loss in shoulder arthroplasty [16] yet has not
significantly reduced the already low transfusion rate in pooled analysis [17].

Rationalizing blood ordering from the same hemoglobin signal is already established
in lower-extremity arthroplasty. There, hemoglobin-based selection spares universal type-
and-screen [18], and validated transfusion-prediction models exist for total knee and total
hip arthroplasty [19,20]. No comparable blood-preparation tool exists for RSA. A system-
atic review catalogued eleven shoulder-arthroplasty risk-stratification tools; none predicts
transfusion, and anemia enters only a minority, and only as a binary flag [21]. Where preop-
erative hemoglobin has been used to model shoulder-arthroplasty transfusion, the studies
drew on mixed, multi-indication cohorts that pooled anatomic and reverse procedures
with high-bleeding fracture and infection cases, and they lacked internal validation [12].
Another shoulder-arthroplasty model reached its strongest discrimination only by adding
first-postoperative-day hemoglobin—unavailable for preoperative preparation—to the
preoperative value [22]. A frailty index has, in turn, been associated with transfusion after
revision shoulder arthroplasty [23]. Most predictor studies draw on administrative or
registry data that pool anatomic and reverse arthroplasty [24] and seldom hold the blood-
management protocol constant. Heterogeneous, largely unmeasured TXA and IV-iron
exposure therefore confounds the reported associations.

The present study addresses this gap in a consecutive single-surgeon RSA cohort. The
cohort comprised only elective degenerative indications, so that the bleeding heterogeneity
of fracture and trauma would not contaminate patient-level signals. A uniform maximal IV-
iron protocol governed care—500 mg of ferric carboxymaltose preoperatively plus 1000 mg
on the operative day—without routine TXA. This design holds the principal pharmacologic
confounders of perioperative bleeding constant. To date, no other RSA-specific study
has united a protocol-uniform pathway with internal validation and an explicit candidate
blood-preparation threshold. That combination distinguishes it from prior mixed-indication,
heterogeneously managed shoulder-arthroplasty analyses, which neither held the blood-
management protocol constant nor internally validated their estimates.

This study therefore pursued three objectives: to derive and internally validate a
preoperative-hemoglobin model for perioperative transfusion in elective degenerative RSA,
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to characterize its net benefit by decision-curve analysis, and to translate it into a candidate
blood-preparation triage threshold. The primary hypothesis held that, under a uniform
maximal IV-iron, TXA-free protocol, lower preoperative hemoglobin would independently
discriminate patients requiring transfusion and would identify a threshold above which
most patients could be prepared with type-and-screen alone. The single-center design
and the small number of transfusion events temper these aims. The work is therefore best
regarded as a preliminary, hypothesis-generating study, intended to motivate external
validation rather than to establish a rule ready for adoption.

2. Materials and Methods
2.1. Study Design

This retrospective, single-center cohort study analyzed consecutive patients who
underwent primary RSA at a tertiary referral hospital between 1 January 2018 and 31 De-
cember 2025. A single fellowship-trained shoulder surgeon performed every procedure.
The report follows the Strengthening the Reporting of Observational Studies in Epidemiol-
ogy (STROBE) recommendations for cohort studies [25]. The Institutional Review Board
of Wonju Severance Christian Hospital, Yonsei University Wonju College of Medicine, ap-
proved the protocol (IRB No. CR326065; approved 26 May 2026). The board waived written
informed consent, given the retrospective design and the exclusive use of de-identified
electronic medical record data. The study followed the Declaration of Helsinki.

2.2. Participants

A prospectively maintained operative registry identified the participants. Inclusion
criteria were (i) primary RSA performed for an elective degenerative indication—cuff
tear arthropathy, massive irreparable rotator cuff tear without glenohumeral arthritis, or
primary glenohumeral osteoarthritis—with the degenerative diagnosis confirmed on preop-
erative radiographs and clinical examination; and (ii) a complete perioperative transfusion
record spanning anesthetic induction through hospital discharge. No age or sex restriction
was applied. Eligibility rested on the primary indication for arthroplasty rather than on
an isolated chart label. A minority of otherwise eligible patients carried a concomitant
secondary finding recorded alongside the degenerative primary pathology—such as post-
traumatic degenerative change, focal avascular necrosis, a healed fracture sequela, or a
coexisting inflammatory or soft-tissue finding. These patients were retained because cuff
arthropathy or glenohumeral osteoarthritis remained the basis for the reverse arthroplasty.
Exclusion criteria were (i) a primary non-degenerative or non-elective indication—acute
proximal humeral fracture, primary post-traumatic or avascular destruction without un-
derlying degenerative or cuff disease, primary inflammatory (e.g., rheumatoid) arthritis,
primary or metastatic tumor, or sequelae of prior septic arthritis; (ii) revision of a previously
implanted shoulder arthroplasty; and (iii) intraoperative conversion from planned RSA to
anatomic total shoulder arthroplasty (TSA).

In total, 218 procedures planned as elective degenerative primary RSA were screened.
Chart and operative-note re-review excluded four, because the planned RSA was converted
intraoperatively to anatomic TSA, leaving 214 procedures. Patients with bilateral staged RSA
contributed each side as a separate surgical event, so the surgical procedure was the unit of
analysis. The de-identified dataset retained no patient identifier linking staged procedures,
so within-patient clustering could not be assessed.

2.3. Perioperative Blood-Management Protocol

A single institutional pathway governed every case. It combined maximal IV iron
with a restrictive transfusion indication and deliberate non-use of routine TXA. The IV iron
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regimen used ferric carboxymaltose: 500 mg approximately one week before surgery and
1000 mg postoperatively on the day of surgery, for a cumulative 1500 mg per patient. This
cumulative dose exceeds that of single-dose preoperative regimens and reflects structured
IV-iron use in arthroplasty and hip-fracture programs [15,26,27]. The present report terms
this a maximal perioperative IV iron protocol. Preoperative anemia and iron deficiency are
common in these candidates and are linked to transfusion [14,28].

The protocol did not administer IV, intra-articular, or topical TXA routinely. This
conservative, case-by-case policy departs from the contemporary trend toward routine
intraoperative TXA. For that trend, randomized-trial meta-analyses demonstrate reduced
perioperative blood loss [17,29] with only a non-significant trend toward fewer transfu-
sions [29]. One patient received TXA because chronic antiplatelet therapy could not be
withheld perioperatively—a circumstance independently associated with increased RSA
bleeding [7]. The analysis therefore treated this TXA exposure descriptively rather than as
an analyzed factor. This uniform maximal-iron, TXA-free protocol is the setting in which
the candidate blood-preparation tool was developed [18].

Allogeneic packed red blood cell (PRBC) transfusion was considered when any of
the following occurred: a hemoglobin of 8.0 g/dL or lower on any perioperative measure-
ment, a postoperative hypotensive (shock) event, or severe anemia-related symptoms. The
8.0 g/dL level served as the principal laboratory trigger rather than an automatic mandate,
integrated with hemodynamic and symptomatic status and anticipated recovery under
IV iron. Each indication prompted one unit of leukoreduced PRBCs, with reassessment
before any further unit. This restrictive threshold falls within the 7–8 g/dL range commonly
applied to stable surgical patients.

2.4. Surgical Technique

Every patient underwent the same operative technique. The same surgeon performed
all procedures through a standardized deltopectoral approach in the beach-chair position,
with a mechanical limb-positioning device under general anesthesia. When a repairable
subscapularis tendon was present, it was released by a tenotomy approximately 1 cm
medial to the bicipital groove and reattached at closure; when no viable subscapularis
remained, as in cuff-deficient shoulders, no repair was performed. After glenoid exposure
and reaming, a baseplate was secured with central and peripheral screw fixation and a
glenosphere was impacted; the humeral component was then implanted, without cement in
the large majority of cases (205 of 214) and cemented in the remaining nine. The reverse sys-
tems used were Exactech, Zimmer Biomet, DePuy, and Implantcast (Table 1). Intravenous
cefazolin (2 g within 60 min before skin incision, continued for approximately 24 h postoper-
atively) provided antibiotic prophylaxis; consistent with the low venous-thromboembolism
risk of upper-extremity arthroplasty and a policy of early postoperative mobilization, no
routine pharmacologic thromboprophylaxis was administered. Conventional monopolar
electrocautery alone achieved intraoperative hemostasis in every case. No procedure used
bipolar electrocautery, topical anti-hemorrhagic or hemostatic agents (topical thrombin, fib-
rin sealant, gelatin–thrombin matrix, oxidized regenerated cellulose, or topical tranexamic
acid), or advanced local-hemostasis devices such as a bipolar radiofrequency sealer, which
kept the intraoperative hemostatic technique uniform across the cohort. A closed-suction
drain was placed in every case and removed on the second postoperative day—a practice
associated with greater hemoglobin decline in shoulder arthroplasty without fewer compli-
cations [6]. Admission occurred the day before surgery. The surgical approach, operative
sequence, subscapularis and glenoid management, and hemostatic technique did not vary
across the cohort, whereas the implant system did (Table 1).
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Table 1. Baseline characteristics, overall and by perioperative transfusion status.

Variable Overall (N = 214) Transfused (n = 17) Not Transfused (n = 197) p

Demographics
Age, years 78.0 [74.0–83.0] 86.0 [81.0–87.0] 78.0 [74.0–82.0] <0.001
Female sex 141 (65.9) 14 (82.4) 127 (64.5) 0.184
BMI, kg/m2 24.8 [22.6–27.1] 22.4 [20.8–27.2] 24.8 [22.8–27.1] 0.187
Comorbidities
Hypertension 140 (65.7) 13 (76.5) 127 (64.8) 0.429
Diabetes mellitus 59 (27.7) 5 (29.4) 54 (27.6) 1.000
Chronic kidney disease 9 (4.2) 4 (23.5) 5 (2.5) 0.003
Cardiovascular disease 54 (25.2) 8 (47.1) 46 (23.4) 0.062
Anesthesia and surgery
General anesthesia 214 (100) 17 (100) 197 (100) —
Anesthesia duration, min 130.0 [120.0–140.0] 140.0 [135.0–160.0] 126.0 [120.0–140.0] <0.001
ASA 1/2/3, n 4/98/112 0/3/14 4/95/98 0.035
Implant
(Exactech/Zimmer/DePuy/Implantcast) 116/84/9/5 — — —

Baseline hematology
Preoperative hemoglobin, g/dL 12.0 [11.0–13.0] 9.9 [9.5–11.0] 12.2 [11.2–13.0] <0.001
Preoperative anemia (WHO) 123 (57.7) 16 (94.1) 107 (54.6) 0.001
Nadir hemoglobin, g/dL 9.9 [9.1–11.1] 8.0 [7.1–8.4] 10.1 [9.3–11.2] <0.001
Blood management
Ferric carboxymaltose (500 + 1000 mg) 214 (100) 17 (100) 197 (100) —
Tranexamic acid administered 1 (0.5) 0 (0) 1 (0.5) —

Data are median [IQR] or n (%). Continuous variables compared by the Mann–Whitney U test; categorical by the χ2 or
Fisher exact test. Denominators: BMI, 210; hypertension/diabetes, 213; preoperative hemoglobin/anemia/nadir, 213;
others, 214. Abbreviations: ASA, American Society of Anesthesiologists; BMI, body mass index; IQR, interquartile
range; WHO, World Health Organization.

2.5. Outcomes and Variables

The prespecified primary outcome was perioperative allogeneic transfusion, defined as
administration of any allogeneic PRBC unit from induction of anesthesia through discharge
and analyzed as a binary outcome. Secondary outcomes were the number of PRBC units,
the perioperative hematologic trajectory (preoperative hemoglobin, postoperative nadir
hemoglobin, and the absolute decline), and the intraoperative estimated blood loss.

The abstracted variables spanned three groups. The first comprised age, sex, body mass
index (BMI), American Society of Anesthesiologists physical status, primary diagnosis, op-
erative side, and bleeding-relevant comorbidities (hypertension, diabetes mellitus, chronic
kidney disease, cardiovascular disease, and malignancy). The second comprised anesthesia
type and duration, operative time, and estimated blood loss. The third comprised the hema-
tologic variables. The preoperative hemoglobin was the most recent value before surgery.
This value generally followed the preoperative ferric carboxymaltose dose and therefore
reflected the iron-treated rather than an untreated baseline. All hemoglobin values came
from the institution’s single central-laboratory automated analyzer, and preoperative anemia
followed World Health Organization (WHO) sex-specific criteria (hemoglobin <13 g/dL for
men, <12 g/dL for women). White-cell count, estimated glomerular filtration rate, serum
albumin, intraoperative fluids, implant details, and humeral fixation method were recorded
but not entered as candidate predictors, consistent with the parsimonious modeling imposed
by the low event count. Chronic kidney disease served as the renal-risk descriptor in Table 1.

2.6. Sample Size

This retrospective study enrolled every consecutive eligible patient from the fixed
single-surgeon operative census. The available clinical experience therefore governed the
sample size rather than a prospective choice, and a formal a priori sample-size calculation
was not applicable. Enrolling the complete consecutive series, rather than a sampled subset,
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also avoided the selection bias that subsampling could introduce. Sample adequacy was
instead evaluated after analysis from the number of transfusion events, the events-per-
variable (EPV) ratio, and the width of each 95% confidence interval (CI). The modest event
count is acknowledged as a limitation and is the explicit rationale for the parsimonious,
penalized modeling detailed below.

The adequacy of the realized sample for the single confirmatory analysis—the dis-
crimination of preoperative hemoglobin—was quantified after the fact along three axes.
First, that confirmatory analysis used a single predictor and therefore carried 17 events per
variable, above the conventional target of about 10. Second, rather than the uninformative
power computed at the observed effect, the minimum detectable effect was estimated by
simulation (2000 replications, two-sided α = 0.05, with the marginal transfusion probability
held at the observed rate): the cohort had at least 80% power to detect an odds ratio of
0.61 per 1 g/dL and 90% power to detect 0.56, both considerably weaker than the observed
association of 0.37 per 1 g/dL. Third, the realized precision was correspondingly narrow,
the discrimination being estimated with a 95% CI half-width of 0.07 for the area under the
curve. These metrics indicate that the sample was sufficient for the primary discrimination
analysis. The trivariable estimates and the in-sample 11.4 g/dL threshold, by contrast, rest
on the same modest number of events (EPV, 5.7) and are therefore reported as hypothesis-
generating rather than as adequately powered estimates—the explicit reason confirmatory
inference is restricted to preoperative hemoglobin.

2.7. Statistical Methods

Distributional inspection and the Anderson–Darling (n ≥ 50) or Shapiro–Wilk (n < 50)
test guided the presentation of continuous variables as mean ± standard deviation when
approximately normal and as median [interquartile range] otherwise. Categorical variables
appear as n (%). Proportions, including the transfusion rate and operating-characteristic
metrics, are reported with Wilson 95% CIs. The Mann–Whitney U test and the χ2 or Fisher
exact test compared transfused and non-transfused patients. These two groups are defined
by the outcome rather than randomly allocated, so baseline differences between them—for
example, in age—are expected. Such differences were treated as descriptive screening rather
than the basis of inference, and any imbalance was addressed by multivariable adjustment
in the primary model.

The primary inferential analysis was a logistic regression model for perioperative
transfusion. This model served as the associational basis for the preoperative-hemoglobin-
guided tool. Because transfusion was uncommon, the analysis prespecified a parsimonious
covariate set: preoperative hemoglobin, age, and sex, with BMI added only if the event
count permitted. Firth penalized logistic regression then fitted these covariates, correcting
small-sample bias and possible separation. Preoperative hemoglobin was the lead predictor
because it is consistently dominant in lower-extremity arthroplasty models [30,31]. The
two groups differed in age at baseline, so age was retained as a prespecified adjustment
covariate, allowing the hemoglobin association to be estimated net of age. With 17 events,
the EPV for the three-covariate model was 5.7, below the conventional target of about
10. This shortfall was the rationale for Firth penalization and for restricting confirmatory
inference to preoperative hemoglobin, with other estimates provisional. The remaining
clinically relevant variables—anesthesia duration and the comorbidities—were compared
between groups (Table 1) rather than entered into a saturated model. Firth-adjusted odds
ratios (ORs) are reported with profile penalized-likelihood 95% CIs and Wald z-test p-
values; the hemoglobin effect is expressed per +1 g/dL, and age and hemoglobin were
modeled as linear terms. Other predictors and bivariate comparisons were interpreted
descriptively, with p-values uncorrected for multiplicity. Because intraoperative blood loss
and intraoperative transfusion lie partly on the causal pathway, the primary model was
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restricted to preoperative and baseline-surgical covariates. An intraoperative-augmented
model is reported only as a secondary sensitivity analysis.

A prespecified secondary analysis quantified the discrimination of preoperative
hemoglobin by the area under the receiver-operating-characteristic curve (AUC) with
a DeLong 95% CI. The Youden J statistic identified a candidate threshold, reported with
sensitivity, specificity, and predictive values (Wilson 95% CIs)—an approach previously
applied in elective hip arthroplasty [32]. Any such cutoff is derived in-sample, so it was
interpreted as a working threshold still requiring external validation. Harrell bootstrap opti-
mism correction (1000 resamples) assessed internal validity, refitting the Firth model in each
sample and reporting the optimism-corrected AUC and calibration slope. This bootstrap
correction and the decision-curve analysis used the univariable preoperative-hemoglobin
Firth model, distinct from the trivariable primary model. Decision-curve analysis quanti-
fied the apparent (in-sample) net benefit across the clinically relevant threshold-probability
range, compared with preparing crossmatched blood for all patients and for none [20];
these estimates were not optimism-corrected. As an exploratory translation, a candidate
blood-preparation rule applied the Youden cutoff: type-and-crossmatch for hemoglobin
≤11.4 g/dL, type-and-screen otherwise. For each arm, the tabulation reported the number
of patients, the number and rate of transfusions, and the negative predictive value [18,21].

Prespecified sensitivity analyses comprised preoperative anemia (binary, WHO) in
place of continuous hemoglobin, exclusion of the single TXA-exception patient, addition
of intraoperative blood loss, addition of BMI, and a univariable preoperative-hemoglobin
model. A post hoc exploration characterized the transfusions occurring above the triage
threshold and tested whether adding a comorbidity override (chronic kidney disease, or
age ≥ 85 years) to the hemoglobin trigger would recover them. All tests were two-sided
with α = 0.05.

2.8. Missing Data

One of the 214 procedures—a non-transfused patient—lacked a preoperative hemoglobin
and was excluded from the preoperative-hemoglobin-based analyses. Those analyses
therefore drew on a complete-case sample of 213 procedures with 17 transfusion events.
Inconsistent laboratory date stamps prevented reliable dating of the postoperative nadir in
22 of these 213 procedures, so this measure is summarized descriptively for 191 procedures
(Table 2); it affected no inferential analysis. No other variable had material missingness
beyond the per-variable denominators reported in Table 1; the completeness of every
analytic variable is summarized in Table S2.

2.9. Bias

Several steps limited bias. Patients were enrolled consecutively from the prospectively
updated registry, the transfusion outcome was ascertained from the objective hospital blood-
bank ledger, and all hemoglobin values were measured on a single central-laboratory analyzer.

2.10. Software

Analyses used Python 3.11.9 with pandas 3.0.2, statsmodels 0.14.6, scikit-learn 1.8.0,
scipy 1.17.1, and matplotlib 3.10.8. The bootstrap optimism correction and decision-curve
net-benefit analysis used custom scripts.

2.11. AI Statement

Generative artificial intelligence (GenAI) was used only as a language, organizational,
and analysis-support tool; it contributed no study data and no clinical content. Claude
Code (Anthropic, version 2.1) assisted with English-language editing, with organizing
the structure of the manuscript, with curating and formatting the reference library, and
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with writing and running the Python 3.11.9 scripts that executed the prespecified statistical
analyses and produced the associated figures. No GenAI tool was used to design the study,
to collect, generate, or alter clinical data, or to interpret the findings; every statistical result
reported here was produced by the analysis code running on the study dataset and was
checked by the authors against the source data. The authors reviewed and verified every
AI-assisted output and take full responsibility for the content of the manuscript; no AI tool
meets authorship criteria, and none is listed as an author.

Table 2. Perioperative hematologic and transfusion outcomes (N = 214).

Outcome Value (N = 214)

Transfusion
Any perioperative allogeneic transfusion, n (%, 95% CI) 17 (7.9%, 5.0–12.4)
Intraoperative transfusion, n (%) 2 (0.9%)
PRBC units, total 34
PRBC units per patient (whole cohort), mean 0.16
PRBC units among transfused, mean (median) 2.0 (2)
Hemoglobin trajectory
Preoperative hemoglobin, g/dL 12.0 ± 1.5 (median 12.0 [11.0–13.0])
Nadir hemoglobin, g/dL 10.0 ± 1.5 (median 9.9 [9.1–11.1])
Postoperative day of nadir 2 [2–3]
Absolute hemoglobin decline (preop − nadir), g/dL 2.0 ± 1.0 (median 1.9 [1.2–2.5])
Preoperative anemia (WHO), n (%) 123 (57.7%)
Blood loss and other
Intraoperative estimated blood loss, mL 46 ± 153 (median 0 [0–0]) †

Data presented as mean ± SD, median [IQR], or n (% [Wilson 95% CI]). PRBCs, packed red blood cells; WHO, World
Health Organization. † Recorded intraoperative blood output was 0 in most cases and right-skewed and likely under-
captures true intraoperative blood loss. The postoperative day of nadir is summarized for the 191 procedures with a
plausible recorded nadir date; 22 records with inconsistent laboratory date stamps (implying a nadir before surgery
or beyond 30 days) were excluded from this descriptive field only. Preoperative hemoglobin, nadir hemoglobin,
hemoglobin decline, and preoperative-anemia denominator = 213 (one missing preoperative hemoglobin).

3. Results
3.1. Patient Flow and Characteristics

Elective degenerative primary RSA was planned for 218 procedures. Four were ex-
cluded for intraoperative conversion to anatomic TSA, leaving 214 primary RSA procedures
(Figure 1). All 214 carried complete blood-bank transfusion records through discharge.
Table 1 presents the operative indications and baseline characteristics, both overall and by
transfusion status.

3.2. Primary Outcome—Perioperative Transfusion

Perioperative allogeneic transfusion occurred in 17 of 214 procedures (7.9%). Sixteen of
the 17 transfused patients were anemic before surgery. Table 2 summarizes the hematologic
and transfusion outcomes.

3.3. Predictors of Transfusion

The Firth penalized model was fitted on the 213 procedures with a complete preop-
erative hemoglobin. Lower preoperative hemoglobin was the prespecified predictor of
transfusion. Older age showed a secondary association, whereas female sex did not (Table 3).
The prespecified sensitivity analyses were directionally concordant with the primary model
(Table S1).

3.4. Discrimination of Preoperative Hemoglobin

Preoperative hemoglobin discriminated perioperative transfusion (Figure 2). Table 4 re-
ports the area under the curve, the Youden-optimal cutoff, and the operating characteristics.
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Figure 1. Patient flow diagram. Of 218 procedures planned as elective degenerative primary RSA,
four were excluded for intraoperative conversion to anatomic TSA, leaving 214 analytic procedures;
hemoglobin-based analyses included 213, because one non-transfused patient lacked a preoperative
hemoglobin. RSA, reverse shoulder arthroplasty; TSA, total shoulder arthroplasty.

Table 3. Firth penalized logistic regression—predictors of perioperative allogeneic transfusion after RSA.

Predictor Firth-Adjusted OR 95% CI p

Preoperative hemoglobin, per +1 g/dL 0.37 0.21–0.58 <0.001
Age, per +1 year 1.21 1.08–1.39 0.002
Female sex (vs. male) 1.48 0.39–7.15 0.59

Outcome: any perioperative allogeneic PRBC transfusion (17 events among 213 procedures; one patient excluded for
a missing preoperative hemoglobin). Model fitted by Firth penalized logistic regression (Jeffreys prior bias correction)
given the low event count; the predictor set was pre-specified and capped at three covariates (events-per-variable =
5.7). Confidence intervals are profile penalized-likelihood intervals; p-values are Wald-type z-tests from the penalized-
likelihood information matrix. Preoperative hemoglobin is the single pre-specified confirmatory predictor; age and
sex are secondary with descriptive p-values. Body mass index was not added to the primary model to preserve the
events-per-variable ratio; in a sensitivity model that added body mass index, the hemoglobin and age estimates were
essentially unchanged and body mass index was non-significant (OR 1.04 per kg/m2, 95% CI 0.87–1.24, p = 0.68).
The remaining candidate predictors (ASA class, anesthesia duration, hypertension, diabetes, chronic kidney disease,
cardiovascular disease) appear in the Table 1 bivariate comparison. Abbreviations: CI, confidence interval; OR, odds
ratio; PRBCs, packed red blood cells; RSA, reverse shoulder arthroplasty.

Table 4. Discrimination of preoperative hemoglobin for perioperative transfusion (ROC).

Predictor AUC 95% CI Youden Cutoff Sensitivity Specificity PPV NPV

Preoperative hemoglobin 0.867 0.793–0.940 ≤11.4 g/dL 0.88 (0.66–0.97) 0.70 (0.64–0.76) 0.21 (0.13–0.31) 0.99 (0.95–1.00)

Outcome: any perioperative allogeneic transfusion (17 events/213; one patient with a missing preoperative
hemoglobin was excluded from this analysis). The area under the receiver-operating-characteristic curve (AUC)
95% CI is the DeLong interval for the apparent AUC (the optimism-corrected AUC, which coincides with the
apparent value, is not separately interval-estimated); sensitivity, specificity, PPV, and NPV are shown with Wilson
95% confidence intervals. The Youden-optimal cutoff and its operating characteristics are reported in-sample and are
hypothesis-generating only; given 17 events the confidence interval is wide and external validation is required before
any threshold is adopted. The high negative predictive value (0.99) reflects the low baseline transfusion rate. Internal
validation of the same Firth penalized model by 1000-bootstrap optimism correction gave an optimism-corrected
AUC of 0.867 (apparent, 0.867; optimism, −0.001) and a calibration slope of 1.04. The discrimination showed little
apparent optimism on internal bootstrap; residual overfitting cannot be excluded, and external validation remains
required. The slope slightly exceeds 1.0 because Firth penalization shrinks the coefficient (predictions are marginally
under-extreme rather than overfit), and the bootstrap optimism in the slope was negligible (the corrected and
apparent slopes coincide). Abbreviations: AUC, area under the receiver-operating-characteristic curve; NPV, negative
predictive value; PPV, positive predictive value; ROC, receiver operating characteristic.
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Figure 2. Receiver-operating-characteristic curve of preoperative hemoglobin for perioperative transfu-
sion. Discrimination of perioperative transfusion by preoperative hemoglobin; area under the curve
(AUC), 0.867. The dashed diagonal is the reference line of no discrimination (AUC = 0.50), and the
filled circle marks the Youden-optimal operating point; the marked cutoff of 11.4 g/dL is hypothesis-
generating.

3.5. Internal Validation and Decision-Curve Analysis

Table 4 also presents internal validation by Harrell optimism correction (1000 bootstrap
resamples). On decision-curve analysis, the univariable preoperative-hemoglobin model
showed positive net benefit across the 1–30% threshold-probability range. This net benefit
exceeded both the crossmatch-for-all and crossmatch-for-none strategies (Figure 3). These
net-benefit estimates were apparent (in-sample) and not optimism-corrected. Table 5 reports
the candidate blood-preparation triage applied at the Youden-optimal cutoff.

Table 5. Preoperative hemoglobin-guided blood-preparation triage (cutoff ≤ 11.4 g/dL).

Blood-Preparation Group n (%) Transfused, n (%) Candidate Strategy

Preoperative hemoglobin ≤ 11.4 g/dL 73 (34.3) 15 (20.5) Type-and-crossmatch

Preoperative hemoglobin > 11.4 g/dL 140 (65.7) 2 (1.4) Type-and-screen
Applied to the 213 procedures with an available preoperative hemoglobin (17 transfusions). The ≤11.4 g/dL
threshold (Youden-optimal; Table 4) captured 15 of 17 transfusions (sensitivity, 0.88) with a negative predictive
value of 0.99. A rule reserving type-and-crossmatch for preoperative hemoglobin ≤ 11.4 g/dL and type-and-
screen for higher values would direct roughly two-thirds of patients to type-and-screen alone. The underlying
continuous model’s discrimination was internally validated (Table 4); the ≤11.4 g/dL threshold itself is in-sample
and hypothesis-generating, derived in a single center, and requires external validation before adoption.
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Figure 3. Decision-curve analysis of preoperative hemoglobin-guided blood preparation. Net benefit
of the preoperative-hemoglobin model, compared with the crossmatch-for-all and crossmatch-for-
none strategies; net benefit exceeded both across the 1–30% threshold range, with a narrow margin
over crossmatch-for-all at the lowest thresholds. These estimates are apparent, in-sample, and not
optimism-corrected.

4. Discussion
4.1. Main Findings

This consecutive single-surgeon cohort comprised 214 primary RSAs managed with
maximal perioperative IV iron and without routine TXA. Perioperative transfusion was
uncommon (7.9%), and its rate tracked the preoperative hematologic reserve. Lower preop-
erative hemoglobin was the prespecified confirmatory predictor, and older age a secondary,
exploratory association; female sex was not associated with transfusion (Table 3). Preopera-
tive hemoglobin discriminated transfusion (AUC, 0.867; Table 4). Most transfused patients
were anemic despite pharmacologic pre-treatment and removal of the antifibrinolytic con-
founder. These relationships are associational. The design identifies who is transfused,
not why.

The contribution is not the well-established fact that preoperative hemoglobin predicts
transfusion. Rather, under a protocol-uniform pathway, this dominant, internally validated
predictor can anchor a candidate rule for triaging blood preparation before RSA—a use
for which no shoulder-arthroplasty tool currently exists. The cutoff and triage still require
external validation.

4.2. Comparison with the Literature

The observed 7.9% rate is best read against RSA-specific benchmarks rather than
pooled estimates from heterogeneously managed cohorts. Contemporary RSA series span
a wide band. A drain-based study reported 2.6% within a cited range of 2–11% [33]. A
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stemless-versus-stemmed comparison reported 0% versus 6.7% [5]. A topical-TXA cohort
reported roughly 7.7% versus 6.8% [34]. In a national database, the reverse-arthroplasty
arm for proximal humerus fracture carried 11.7%, and transfusion was the only complica-
tion remaining independently associated with reverse arthroplasty after adjustment [35].
Against this spread, 7.9% in an elective degenerative, TXA-sparing cohort is unremarkable.

The contrast with TXA frames the present protocol choice. TXA reliably reduces peri-
operative blood loss, but its transfusion effect is mixed. A shoulder meta-analysis found a
non-significant effect [17]. A trial-sequential analysis judged the evidence inconclusive [36].
A randomized RSA/TSA trial cut drain volume and hemoglobin drop yet recorded zero
transfusions in either arm [16]. Other work still reports a benefit, most notably in fracture
patients [37,38]. In a large RSA-inclusive series, the absence of perioperative TXA was the
single strongest transfusion risk factor at an overall rate of 16.3%. In that series, abnormal
preoperative hemoglobin predicted postoperative anemia but not transfusion [39]. By hold-
ing TXA constant and modeling hemoglobin continuously rather than dichotomously, the
present design lets the preoperative-hemoglobin signal emerge as the leading correlate.
The cohorts nonetheless differ in surgeon number, era, and case mix, so the lower rate
cannot be attributed to iron alone. TXA’s hemoglobin-sparing effect in the shoulder is mod-
est (≈0.5–0.7 g/dL), and its supporting trials are statistically fragile [29,40]; the shoulder
review literature frequently exhibits reporting bias [41]. Withholding it therefore removed
a confounder of uncertain marginal benefit.

Beyond antifibrinolytics, a broader hemostatic armamentarium can reduce arthroplasty
blood loss, and the deliberately minimal protocol of this study used none of it. Topical
hemostatic agents applied to the surgical field—thrombin, fibrin sealants, and gelatin- or
cellulose-based matrices—lower blood loss and transfusion in total joint arthroplasty. A
meta-analysis of oxidized regenerated cellulose in arthroplasty found reduced total blood
loss and hemoglobin drop without added thrombotic or wound-healing risk [42]. In total
shoulder arthroplasty, topical thrombin reduced blood loss comparably to intravenous TXA
and offers an alternative when antifibrinolytics are contraindicated [43]. Intravenous and
topical TXA likewise lower shoulder-arthroplasty blood loss, with no clear advantage of one
route over the other [44–46]. Meticulous intraoperative coagulation is the complementary
lever, and comparisons of advanced local-hemostasis devices with standard electrocautery
are mixed. A bipolar sealer reduced transfusion and total blood loss in total hip arthro-
plasty [47] but yielded only a small blood-loss reduction and no transfusion benefit in
total knee arthroplasty [48]. This cohort used conventional monopolar electrocautery alone,
without topical agents or a bipolar sealer. That choice serves the study’s aim of isolating the
preoperative-hemoglobin signal from pharmacologic and device confounders. It also means
the observed 7.9% transfusion rate and the 11.4 g/dL threshold represent a conservative,
upper-bound scenario. Centers that routinely add TXA, a topical hemostat, or advanced
local coagulation would expect a lower transfusion rate and would need to recalibrate the
threshold and its net benefit accordingly. Equally, these adjuncts form a ready menu for
intensifying blood conservation in the low-hemoglobin subgroup that the triage rule flags.

What dominated instead was preoperative anemia, the leading independent transfu-
sion risk factor in shoulder-arthroplasty cohorts [12]. Part of its signal may nonetheless
reflect frailty or comorbidity rather than a direct causal effect [49]. Iron-deficiency anemia
carried a transfusion odds ratio above 10 [14]. Anemia severity scaled steeply with transfu-
sion [3,13]. Each gram per deciliter of hemoglobin lowered transfusion odds in the knee,
where anemia became a greater predictor over a decade as overall transfusion fell [50,51].
Chronic kidney disease was associated with higher transfusion odds in the shoulder [52]
and independently in a national reverse-arthroplasty series [53]. The higher unadjusted
proportion among the transfused patients (Table 1) is directionally consistent but rests on
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few events. Patient-blood-management programs raise hemoglobin, the preoperative lever
this protocol pulls, and their adherence is associated with fewer complications, though
neither isolates IV iron [15,54].

A large mixed shoulder-arthroplasty series found preoperative anemia significant but
not dominant and attributed the attenuated signal to hemoglobin optimization [55]. In
this cohort, hemoglobin remained dominant even under maximal IV iron. Optimization
therefore appears to shift the distribution upward without erasing the risk in its lowest
tail. Age was not independent once hemoglobin was modeled in several lower-extremity
series [18,51], though an RSA national series identified advanced age [53]. In this older,
predominantly female population (median age of 78), age showed only an exploratory
association. The non-dominance of sex once hemoglobin was modeled is concordant with
the female signal operating largely through women’s lower baseline reserve [24,56], and
the non-dominance of body mass index with the broader literature [57].

The blood-ordering question this raises is already being answered in lower-extremity
arthroplasty. There, preoperative hemoglobin has been used to spare universal type-and-
screen [18], and validated transfusion-prediction models inform the same decision [19,20].
The shoulder has lagged. In a systematic review of risk-stratification tools, none of the
eleven identified instruments predicted transfusion [21]. The present work transplants
this logic into RSA with two differences that matter for a triage rule: a uniform IV-iron,
TXA-free protocol that removes the antifibrinolytic confounder, and internal validation of
the discrimination before any clinical claim.

4.3. Clinical Implications

Preoperative hemoglobin is measured before incision, and here it stratified patients by
transfusion risk under the IV-iron protocol (Table 4). This makes it a candidate basis for triag-
ing blood preparation rather than merely a risk marker. At the Youden cutoff (11.4 g/dL),
sensitivity was high and the negative predictive value was 0.99. That value is buoyed by the
low (7.9%) baseline transfusion rate and is expected to attenuate at higher transfusion preva-
lence. A hemoglobin above 11.4 g/dL would therefore route roughly two-thirds of patients
to type-and-screen alone, reserving type-and-crossmatch—and intensified optimization and
counseling—for the lower-hemoglobin group. This mirrors the hemoglobin-based selection
proposed for total knee arthroplasty under routine TXA [18]. No shoulder-arthroplasty
tool currently offers such a rule [21,23]. This RSA-specific, protocol-uniform candidate rule
is the first to fill that gap. A similar threshold (≈11.5 g/dL) was previously derived in a
predominantly reverse but mixed-indication cohort that also omitted routine TXA [12]. The
agreement is reassuring, although that model pooled high-bleeding fracture and infection
cases, was not internally validated, and was not framed as a blood-preparation rule. Be-
cause the cutoff lies below the WHO anemia thresholds, the rule is more selective than
anemia-based ordering; it crossmatches roughly one-third of patients rather than the 57.7%
meeting WHO criteria (Table 1).

The two transfusions above the threshold occurred at preoperative hemoglobins
only marginally above the cutoff (11.7 and 12.2 g/dL). Both involved large perioperative
(preoperative-to-nadir) hemoglobin declines (3.3 and 3.8 g/dL, ≥90th percentile)—bleeding
not foreseeable from the preoperative value. A post hoc comorbidity override did not help.
A chronic-kidney-disease override recovered only one of the two at one extra crossmatch.
An age-based override (≥85 years) recovered the same single case only by crossmatching
90 of 213 patients (42%). The other above-threshold transfusion (preoperative hemoglobin
of 11.7 g/dL) was recovered by neither. The appropriate safeguard is therefore retained
rapid-crossmatch availability for the type-and-screen group rather than a more elaborate
preoperative model.
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Internal validation showed negligible optimism (Table 4), though this estimate is
unstable given 17 events. Decision-curve analysis showed net benefit that exceeded both
the crossmatch-for-all and crossmatch-for-none strategies across the 1–30% threshold range
(Figure 3), with only a narrow margin over crossmatch-for-all at the lowest thresholds.
This net benefit was computed in-sample. Like the cutoff and triage characteristics, it
remains apparent and requires external validation. Because most patients fall above the
threshold, most would need only a type-and-screen, paralleling the economy reported in
the knee [18]. The trade-off is nonetheless explicit. At a positive predictive value of 0.21,
most crossmatches would prove precautionary, and because transfusions still occurred
above the threshold, the strategy presumes rapid crossmatch availability. Once externally
validated, such a protocol-uniform rule could also support blood-management auditing in
a field where transfusion practice remains heterogeneous [58].

4.4. Limitations

The study is retrospective and confined to a single surgeon and center. This design
maximizes protocol uniformity but constrains external validity. The discrimination is inter-
nally validated; the cutoff and rule are not. The transfused and non-transfused groups were
defined by the outcome rather than randomly allocated, so they differed at baseline—most
notably in age—as is expected in an observational cohort. Age was therefore carried as a
prespecified adjustment covariate, and preoperative hemoglobin remained the indepen-
dent predictor net of it, though residual and unmeasured confounding cannot be excluded.
Because TXA was withheld by protocol, the rate, predictor estimates, and threshold do
not generalize to TXA-based practice. With no internal TXA or no-iron comparator, the
contribution of IV iron cannot be isolated. The model rests on 17 events (EPV, 5.7), so es-
timates for low-prevalence covariates remain provisional. The Youden cutoff is likewise
fragile: moving one transfusion across it would change sensitivity from 0.88 to 0.82 or
0.94, because bootstrapping stabilizes the AUC but not the cutoff. The transfusion out-
come was decided clinically under a hemoglobin-based trigger and with knowledge of
the preoperative hemoglobin. Preoperative and nadir hemoglobin are correlated. Part of
the apparent discrimination may therefore reflect this unblinded decision rather than an
independent biological signal. Only blinded or fully protocolized external validation can
exclude such ascertainment bias. The intraoperative blood-loss field was zero in most cases
and under-captured true blood loss, and every case used a routine closed-suction drain that
may augment measured hemoglobin loss. Staged bilateral procedures contributed each
shoulder separately, leaving residual within-patient correlation. The 2018–2025 span also
encompasses secular change and an evolving implant mix; stemless designs, for instance, are
associated with lower blood loss [59]. The protocol nonetheless stayed constant throughout.
Because the dataset did not retain operative date, the prespecified operative-year adjustment
was not possible. Finally, the restriction to elective degenerative primary RSA gives the
cohort its homogeneity but omits higher-bleeding fracture and revision populations, so the
findings apply only to this population.

4.5. Future Directions

External multicenter validation is the priority. A prospective study is planned to
confirm whether the 11.4 g/dL threshold, its net-benefit profile, and its negative predictive
value hold across surgeons, centers, and case mixes—the prerequisite for any change
in blood-ordering practice. In parallel, a prospective trial could add tranexamic acid to
the maximal IV iron pathway, targeting the low-hemoglobin subgroup that accounts for
nearly all transfusions. This intensification would test whether the crossmatch group can
shrink further. Pairing an externally validated rule with this targeted protocol could move
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RSA blood preparation toward the hemoglobin-guided, resource-sparing blood-ordering
economy increasingly reported in lower-extremity arthroplasty [18–20].

5. Conclusions
In this single-surgeon RSA cohort managed with maximal intravenous iron and with-

out routine tranexamic acid, perioperative transfusion was uncommon (7.9%). Lower preop-
erative hemoglobin was the dominant predictor (adjusted odds ratio of 0.37 per +1 g/dL),
and the model showed internally validated discrimination. As a candidate triage, a pre-
operative hemoglobin above 11.4 g/dL would direct roughly two-thirds of patients to
type-and-screen alone (negative predictive value, 0.99), reserving crossmatch for lower
values. The threshold and its net benefit remain in-sample findings from a single center
based on only 17 events, so external multicenter validation in larger cohorts is required
before this candidate rule enters practice.
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