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Background: Total hip arthroplasty (THA) has become the first-choice treatment for elderly patients with end-stage hip disease. The high
amount of hidden blood loss (HBL) in overweight and obese patients after THA not only affects rapid recovery, but also results in a greater
economic burden. We aimed to identify risk factors that contribute to elevated HBL in overweight and obese patients after THA by
retrospective analysis, and establish a nomogram prediction model for massive HBL in overweight and obese patients after THA.
Methods: A total of 505 overweight and obese patients treated with THA were included and randomly divided into modeling and
validation sets according to a 7:3 ratio. The demographic and relevant clinical data of the patients were collected. The independent risk
factors affecting HBL after THA in overweight and obese patients were obtained by Pearson, independent sample 7-test, and multiple
linear regression analyses. R software was used to establish a nomogram prediction model for postoperative HBL, as well as a receiver
operating characteristic (ROC) curve, calibration curve, and decision curve analysis (DCA).

Results: HBL was 911+438 mL, accounting for 79.5+13.1% of the total perioperative blood loss (1104+468 mL). A multiple linear
regression analysis showed that HBL was associated with necrosis of the femoral head, absence of hypertension, longer operative time,
higher preoperative erythrocytes, and higher preoperative D-dimer levels. The areas under the ROC curve (AUC) for the modeling and
validation sets were 0.751 and 0.736, respectively, while the slope of the calibration curve was close to 1. The DCA curve
demonstrated a better net benefit at a risk of HBL >1000 ml in both the training and validation groups.

Conclusion: HBL was an important component of total blood loss (TBL) after THA in overweight and obese patients. Necrosis of the
femoral head, absence of hypertension, longer operative time, higher preoperative erythrocytes, and higher preoperative D-dimer levels
were independent risk factors for postoperative HBL in these patients. The predictive model constructed based these data had better
discriminatory power and accuracy, and could result in better net benefit for patients.
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Introduction

Total hip arthroplasty (THA) is a common treatment for hip joint diseases in elderly patients, such as aseptic necrosis of
the femoral head, femoral neck fractures, and other end-stage hip diseases.'” The mean perioperative blood loss in
primary unilateral THA is 1944 ml,* increasing the probability of postoperative allogeneic transfusion,” which may lead
to an increase in complications, mortality, and length and cost of hospital stays. However, total blood loss (TBL) after
THA is higher than that actually observed, as first described in 1973 by Pattison et al and formally defined as hidden
blood loss (HBL) in 2000.>° Blood infiltration into the tissues, blood accumulation around the joints, and hemolysis
contribute to the formation of HBL.>”’
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The incidence rate of overweight and obese patients has gradually increased in recent years,® and these are the most
important causes of morbidity and mortality in the world. Related complications, such as diabetes, hypertension,
dyslipidemia, and cardiometabolic diseases, have brought a heavy burden to the physical health of the affected
population, as well as great challenges to perioperative management.”'® Furthermore, postoperative HBL is often higher
in overweight and obese patients, which may be related to the damage of red blood cell membranes and hemoglobin
peroxidation caused by more free fatty acids in the blood circulation.'""'? This undoubtedly adds insult to injury for
patients who already have obesity related complications. We, therefore, aimed to identify risk factors that contribute to
elevated HBL in overweight and obese patients after THA by retrospective analysis. R software was used to establish
a nomogram prediction model for massive HBL in overweight and obese patients after THA. Moreover, receiver
operating characteristic curve (ROC), calibration curves, and decision curve analysis (DCA) were performed to evaluate
the differentiation, accuracy, and clinical efficacy of the nomogram model. These results will provide guidance to reduce
HBL in overweight and obese patients after THA.

Data and Methods

Patients

A total of 505 overweight and obese patients diagnosed with femoral neck fracture or osteonecrosis of the femoral head
were enrolled in this study and randomly divided into modeling and validation sets according to a 7:3 ratio. All patients
received primary THA, which was performed by the same team of orthopedic surgeons between January 2018 and
November 2021. This study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics
Committee of Northern Jiangsu People’s Hospital (protocol code: 2022KY?212). The need for informed consent from
patients was waived by the board, since it was a retrospective cross-sectional study. We included patients with a definite
indication for THA; who had not undergone surgery of the affected hip joint; with a body mass index (BMI) > 24; age >
60 years; no serious cardiovascular or cerebrovascular problems within 6 months before surgery; and true and complete
medical records. The exclusion criteria were hematologic diseases, preoperative blood transfusion, neoplastic diseases,
pathological fractures, and other contraindications to surgery.

Perioperative Treatment

All patients underwent THA using the Moore posterolateral approach. General or intrathecal anesthesia was administered
according to an anesthetist consultation. The incision lengths ranged from 10 to 15 cm, and a non-cemented prosthesis
was used in all cases. After installing the prostheses, the surgical area was flushed and hemostasis was achieved by
electrocoagulation. Local tranexamic acid was injected to stop bleeding and no intraoperative drain was placed. Cefazolin
(2 g) was administered prophylactically intravenously 30 min before surgery, and subsequently administered intrave-
nously within 24 h postoperatively to prevent infection. Low molecular heparin sodium was used perioperatively to
prevent deep vein thrombosis.

Data Acquisition

The collected information of all patients included sex, age, diagnosis (patients with femoral neck fractures were
considered to be Garden III and IV, while patients with femoral head necrosis were classified as Ficat III and IV),
hypertension, diabetes, cardiovascular disease, American Society of Anesthesiologists score (ASA), operation time,
preoperative red blood cell (RBC) count, preoperative platelets (PLT), preoperative prothrombin time (PT), preoperative
activated partial thrombin time (APTT), preoperative international normalized ratio (INR), preoperative thrombin time
(TT), preoperative fibrinogen (FIB), preoperative D-Dimers, preoperative blood calcium, preoperative erythrocyte
sedimentation rate (ESR), hemoglobin (HGB) level, hematocrit (HCT) level, and systolic blood pressure at the beginning
and after surgery. Moreover, parameters including intraoperative blood loss, estimated blood volume (EBV), HGB loss,
HCT level loss, visible blood loss, TBL, HBL, percentage of HBL in TBL, and percentage of HBL in EBV were

calculated.
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Calculation of HBL

Intraoperative blood loss was calculated as follows: total fluid in the negative pressure aspirator - lavage fluid used during
surgery + gauze weighed during surgery. The EBV was calculated according to the Nadler formula: EBV = K1 x height
(m)® + K2 x weight (kg) + K3. When the patient was male, K1 = 0.3669, K2 = 0.03219, and K3 = 0.6041; female, K1 =
0.3561, K2 = 0.03308, and K3 = 0.1833."> TBL was calculated according to Gross’s formula: TBL = EBV x
(preoperative HCT - postoperative HCT)/average value of HCT."* HBL = TBL + transfusion volume - visible blood
loss (postoperative drainage + intraoperative blood loss)."”

Statistical Analysis of Risk Factors

The collected data of the modeling set were analyzed using SPSS 22.0 statistical software. Descriptive statistics are
expressed as mean =+ standard deviation or number of cases and percentages. An independent samples 7-test was used to
calculate significant differences in HBL between different count data, while Pearson’s variance was used for differences
analysis between measurement data. Statistically significant variables were selected for multiple linear regression
analysis, and the final independent risk factors associated with HBL were obtained. Positive coefficients indicated
a positive effect on the dependent variable (HBL) and negative coefficients indicated a negative effect. All independent
variables were included in the model. P < 0.05 was considered a statistically significant difference.

Establishment and Verification of the Nomogram Prediction Model

The independent risk factors for HBL obtained from the above analysis in the modeling set were incorporated as
independent variables using R software to build a prediction model for HBL after THA in overweight and obese patients,
which was subsequently plotted as a visualized nomogram graph. Then, the ROC curve, calibration curve, and DCA of
the modeling set and the validation set were drawn. The area under the ROC curve (AUC) and calibration curve were
used to evaluate the differentiation and accuracy of the nomogram model. Moreover, DCA, a statistical method to assess
predictive models and diagnostic tests, was performed to evaluate the clinical efficacy of the nomogram model, to
overcome the limitations of traditional statistical metrics by calculating the clinical “net benefit” of predictive models or
diagnostic tests by comparing the default clinical strategy of treating “all or nothing” patients.

Results

Perioperative Parameters

The data from 354 overweight and obese patients in the modeling set were retrospectively analyzed. The mean age was
65.21+10.70 years and mean BMI was 26.67+2.17 kg/m®. The values of hemoglobin loss, hematocrit level loss,
preoperative and postoperative HGB < 100 g/L, visible blood loss, TBL, HBL, percentage of HBL in TBL, and EBV
are shown in Table 1. The mean TBL was 1104+468 ml, and the average HBL was 911+438 mL, accounting for 79.5
+13.1% of TBL. There were eight cases (2.3%) with Hb < 100 g/L preoperatively; this increased to 158 cases (44.6%)
postoperatively.

Univariate Analysis

According to our univariate analysis, there were no significant correlations of HBL with sex, preoperative PLT,
preoperative PT, preoperative APTT, preoperative INR, preoperative TT, preoperative FIB, preoperative ESR, diabetes,
and cardiovascular disease. However, there were statistically significant differences in age, operative time, preoperative
RBC, preoperative D-dimer, preoperative blood calcium, intraoperative blood loss, EDV, diagnosis, hypertension, and
ASA score (P < 0.05). The analysis results of measurement and counting data are shown in Tables 2 and 3, respectively.

Multivariate Analysis

Based on the results of the univariate analysis, 10 statistically significant variables were used as independent variables
and HBL was used as a dependent variable. The results of the multiple linear regression analysis demonstrated that HBL
was associated with diagnosis (regression coefficient = —344.397, P < 0.001), hypertension (regression coefficient =
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Table | Perioperative Parameters of Patients

parameter Mean % SD or n (%)
Hemoglobin loss (g/L) 32.1%12.1
Hematocrit level loss (%) 9.1+£3.7

Hemoglobin <100 g/L preoperatively (n) | 8 (2.3%)
Hemoglobin <100 g/L postoperatively (n) | 158 (44.6%)

Visible blood loss (mL) 193+112
TBL (mL) 1104+468
HBL (mL) 911+438
Percentage of HBL in TBL (%) 79.5%+13.1%
Percentage of HBL in EBV (%) 21.8%+10.5%

Abbreviation: TBL, total blood loss; HBL, hidden blood loss; EBV, estimated
blood volume.

Table 2 Results of Correlation Analysis of HBL and Independent Samples t-Test for Different Counting
Data Groups. Data are Expressed as Mean +SD *P<0.05

Index Groups n HBL(mI) T P

Sex Male 146 963+439 1.878 0.061
Female 208 874+435

Diagnosis* Femoral neck fracture 139 6661369 9.454 0.000
Femoral head necrosis 215 10691406

Hypertension* With 185 763+401 7.108 0.000
Without 169 1073421

Diabetes With 47 825+445 1.453 0.147
Without 307 9241437

Cardiovascular disease With 47 8224457 1.497 0.135
Without 307 925+435

ASA* 3 89 785+434 3.168 0.002
<3 265 953+433

Abbreviation: ASA, American Society of Anesthesiologists.

Table 3 Results of Various Measurement Data and Pearson Correlation Analysis in the
Perioperative Period of Patients. Data are Expressed as Mean +SD, *P<0.05

parameter N (%) or mean t SD Pearson value P value
Age (years) * 65.21£10.70 —0.144 0.007
The operation time* 78.85+28.77 0218 0.000
Preoperative RBC* 4.42+0.54 0.278 0.000
Preoperative PLT 197.81463.37 —0.064 0.232
Preoperative PT 13.05+0.99 —0.008 0.874
Preoperative APTT 37.64+4.19 0.040 0.455
Preoperative INR 0.99£0.10 0.004 0.938
Preoperative TT 17.49%1.32 —0.019 0.725
Preoperative FIB 3.68+0.87 —0.018 0.737
Preoperative D-Dimer* 2.37+3.69 —0.149 0.005
Preoperative blood calcium* 2.33+0.12 0.245 0.000
Preoperative ESR 21.10£19.25 —0.005 0.930
Intraoperative blood loss* 192.68+111.94 0.146 0.006
Estimated blood volume* 4215.62+593.78 0.170 0.001

Abbreviation: RBC, red blood cell; PLT, platelet; PT, prothrombin time; APTT, activated partial thrombin time; INR,
international normalized ratio; TT, thrombin time; FIB, fibrinogen; ESR, erythrocyte sedimentation rate.
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Table 4 Multiple Linear Regression Analysis of Risk Factors of HBL After THA. *P<0.05.
Multiple Linear Regression Analysis Adjusted for All Variables in the Table. Adjusted R? =0.319

Coefficient B SE T value P value
Constant 12.404 479.780 0.026 0.979
Age 2.398 2218 1.081 0.281
Diagnosis* —344.397 48.395 =7.116 0.000
ASA score 6.610 50.461 0.131 0.896
Hypertension*™ —257.271 42.329 —6.078 0.000
The operation time* 2.445 0.758 3.225 0.001
Preoperative RBC* 104.005 41.251 2.521 0.012
Preoperative DD polymer* 11.947 6.015 1.986 0.048
Preoperative blood calcium 131.761 183.135 0.719 0.472
Intraoperative blood loss 0.114 0.196 0.583 0.561

Abbreviation: ASA, American Society of Anesthesiologists; RBC, red blood cell.

—257.271, P < 0.001), operative time (regression coefficient = 2.445, P = 0.001), preoperative RBC (regression
coefficient = 104.005, P = 0.012), and preoperative D-dimer level (regression coefficient = 11.947, P = 0.048) (Table 4).

Predictive Model Construction and Validation

Previous studies demonstrated that appropriate supplementation of concentrated RBCs was required to increase oxygen-
carrying capacity when blood loss reaches 20% of total blood volume (approximately 1000 mL). Therefore, we used
HBL = 1000 mL as the predicted outcome of the nomogram graph. R software was used to construct a nomogram
prediction model of HBL after THA in overweight and obese patients based on the results of multiple linear regression
analysis of the modeling set (Figure 1). Moreover, the ROC curves, calibration curves, and DCA curves for the modeling

and validation sets were drawn.

Nomogram
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Figure | The nomogram constructed using HBL = 1000 mL as the predicted outcome in overweight and obese patients after THA. The model involves five factors:
diagnosis, hypertension, operative time, preoperative erythrocytes, and preoperative D-dimer levels. The number of points for each of the five indicators on the top dotted
axis of the nomogram are summed to obtain the total points, which corresponding to the bottom axis regarding probability that the patient will reach 1000 ml of HBL after
THA. For example, Patient A had the following results: a diagnosis of femoral head necrosis, hypertension, preoperative RBC: 4.63, operative time: 75 min, preoperative
D-dimer level: 0.51 (all marked with red dots in the graph); the final sum of each score is 221, which corresponds to a 39.8% probability of reaching 1000 ml of HBL
postoperatively in this patient.
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Figure 2 The ROC curve of HBL>1000ml in overweight and obese patients after THA. (A) The area under the curve was 0.758 and the confidence interval is 0.707 to
0.809 in training group; (B) The area under the curve was 0.736 and the confidence interval is 0.653 to 0.819 in validation group.

AUC values of 0.751 and 0.736 were obtained for the training and validation groups, respectively (Figure 2). The
slopes of the calibration curves were close to 1 in both groups (Figure 3). These results indicate that the prediction model
has preferable discrimination and accuracy. Moreover, the DCA curve of the clinical prediction model (Figure 4) showed
a better net benefit at a risk of HBL > 1000 ml for overweight and obese patients in both the training and validation
groups, indicating that the prediction model for overweight and obese patients could result in better net benefits for these
patients.

Discussion

In our study, 505 consecutive overweight and obese patients from 2018 to 2021 were collected, and HBL was calculated
using the currently accepted Gross formula.'®™'® The mean postoperative HBL of patients in the modeling set was 911
+438 mL, accounting for 79.5+13.1% of the TBL (1104+468 mL), indicating that HBL plays an important role in
increasing postoperative allogeneic transfusion compared to readily observable dominant blood loss. We demonstrated
that necrosis of the femoral head, absence of hypertension, longer operative time, higher preoperative erythrocytes, and
higher preoperative D-dimer levels were the risk factors for postoperative HBL in overweight and obese patients after
THA. We further used HBL > 1000 mL as the predicted outcome to construct a nomogram prediction model of HBL
after THA, which may provide guidance to reduce HBL in overweight and obese patients after THA.

3A 3B

™ T 1‘ i

02 0 05 8 10 00 02 04 05 0 10

PredcdPrbBL=) Predced PraL=1

Figure 3 The calibration curves for the prediction of HBL>1000ml in overweight and obese patients after THA. (A) the training group; (B) the validation group.
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Figure 4 The DCA of the nomogram for the HBL prediction in overweight and obese patients after THA.
Note: (A) HBL>1000ml benefit in the training cohort. (B) HBL>1000ml benefit in the validation cohort.

The mean postoperative HBL in patients with femoral head necrosis was recorded as 1069+406 mL, compared to 666
+369 mL in patients with femoral neck fracture. Few previous studies report the difference between these two diagnoses
in HBL. Patients with femur neck fractures require further examination after injury and a delay for the swelling to
subside before THA. The body’s coagulation mechanism is fully activated before surgery, thus reducing the postoperative
HBL. However, patients with femoral head necrosis have severe lesions in the acetabulum and femur, including
osteophytes.'” During the surgical process, it is necessary to thoroughly polish the acetabulum and remove these
osteophytes, which may generate more microscopic bleeding points and increase the amount of bleeding.

The influence of hypertension on postoperative HBL remains controversial.'>?*! Patients with hypertension have
more HBL after surgery due to their higher blood pressure and fragile capillaries, which can result in more small bleeding
spots caused by intraoperative manipulation.’’** In our study, hypertensive patients had less HBL compared to
normotensive patients. As can be seen in our nomogram results, hypertensive patients decreased the weighting by
approximately 35 points compared to normal patients. This may be because the higher intraoperative blood pressure in
hypertensive patients allows us to better detect small bleeding points and thus achieve more adequate hemostasis through
electrocoagulation. Moreover, we recorded the systolic blood pressure of each patient at the time of surgical skin
incision, which was positively correlated with hypertension by independent sample 7-test (T = 2.678, p = 0.008).
A Pearson correlation analysis showed that systolic blood pressure at the beginning of surgery was negatively correlated
with HBL (Pearson = —0.114, P = 0.032), which further confirmed our previous hypothesis to some extent. However, the
systolic blood pressure of these patients at the time of surgical skin incision is not a good reflection of the overall blood
pressure level during surgery, and the finding that patients with hypertension have less HBL after surgery may be the
result of a combination of factors. This study only speculates this interesting possibility, and more rigorous experiments
will need conducted in the future. In addition, we found a significant negative correlation between hypertension and
preoperative red blood cell levels (T = 3.198, P = 0.002). Higher RBC levels before surgery tend to produce more HBL,
which is precisely matched by less HBL in hypertensive patients after surgery.

Longer operative times result in greater surgical trauma and more small bleeding spots, which allows more blood to
leak out into the tissue spaces and joint cavity.'>** 2> We found that a longer operative time was an important risk factor
in postoperative HBL, which is similar to the results of previous studies. Longer operative times lead to more
intraoperative blood loss and hemolysis due to postoperative inflammatory responses, which can lead to increased
HBL. Each additional 100 minutes of operative time will add approximately 32 points of weight in the nomogram.

Higher preoperative erythrocyte levels were a protective factor against postoperative allogeneic transfusion. Most
scientific societies recommend a restrictive erythrocytes transfusion policy (hemoglobin concentration of 6 g/dL to 8 g/
dL) for patients with stable hemodynamics after surgery, but relatively liberal transfusions also exist in special clinical
settings (hemoglobin concentrations of <9 g/dL to 10 g/dL).>**’ Compared with patients with lower preoperative
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erythrocytes and those who are relatively tolerant, overweight and obese patients with higher preoperative erythrocytes
may have anemia symptoms such as dizziness and weakness when HGB is as low as 10 g/dL after surgery, indicating that
this type of patient may be more suitable for lenient transfusion. Therefore, overweight and obese patients may have
relatively more postoperative blood loss and more attention should be paid to these patients in this regard. In the present
study, overweight and obese patients with higher preoperative erythrocytes tended to produce more HBL. This may be
because higher preoperative erythrocyte levels leads to more hemolysis under the action of inflammatory factors and
oxidative stress after surgery.”®* Our nomogram demonstrated that the weight of the final outcome increases by 35
points when the increase of erythrocytes was 2*10°/L before surgery. We also found a negative correlation between
preoperative RBC and D-dimer levels (P < 0.001), perhaps related to the patient’s admission diagnosis. In patients with
femoral neck fractures, blood loss due to trauma leads to a decrease in RBC levels, which leads to activation of the
clotting system and an increase in D-dimer levels. This is supported by the fact that the differences between the patient’s
admission diagnosis and preoperative erythrocyte (T = 6.633, P < 0.001) and D-dimer (T = —7.747, P < 0.001) levels
were statistically significant.

D-dimer is a specific degradation product of fibrin monomer which is crosslinked by activating factor XIII and then
hydrolyzed by plasminase. It is an indicator of lower limb venous thrombosis and is often used as a routine examination
for patients with lower limb fractures.’*>' Since D-dimer is only produced during the formation and degradation of
crosslinked fibrin, it can be used as a marker of coagulation and fibrinolytic system activation.*” In this study, we found
that the weight decreased by approximately 13 points when preoperative D-dimer was increased by 8 mg/L. A higher
preoperative D-dimer means that the patient’s clotting mechanism can be activated earlier, resulting in faster clotting of
intraoperative bleeding sites, thereby reducing the production of HBL. This phenomenon was particularly obvious in
patients with femoral neck fractures, and the independent sample 7-test showed a statistically significant difference in
preoperative D-dimer levels between patients with femoral neck fractures and those with femoral head necrosis (T =
—7.747, P < 0.001). This result further proves our point.

To effectively evaluate the prediction accuracy of this nomogram, the validation sets that not involved in constructing
the nomogram as external data were introduced to participate in validation. The ROC curves, calibration curves, and
DCA curves were plotted for the modeling and validation sets, respectively. Our results indicated preferable discrimina-
tion and accuracy of the prediction model, and the DCA curve of the clinical prediction model showed a better net
benefit.

Our study had some limitations. We conducted a retrospective study, the collected data may have selection and recall
biases, and further prospective randomized controlled trials are needed to verify our findings. Moreover, this study is
a single-center clinical study with a small sample size and could not include more research indicators. Multi-center
clinical data should be combined to improve the research indicators and external verifications should be conducted in the
future.

Conclusions
We demonstrated that HBL is an import
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