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Anemia affects humans throughout life, and is linked to higher morbidity and 
mortality. Unclear is whether hemoglobin values are equivalent between women 
and men. This study evaluates the association of preoperative hemoglobin levels 
with in-hospital mortality and estimates thresholds for survival equity between 
men and women. All adult patients undergoing surgery between 2010 and 2019 
from 14 German hospitals were included in the study. Thresholds for survival 
equity were determined with generalized additive models. In total, 842,130 
patients with a median in-hospital follow-up time of 7  days were analyzed. 
During follow-up 20,370 deaths occurred. Preoperative hemoglobin stratified 
in-hospital mortality (log-rank test p  <  0.001) and was associated with mortality 
independently of demographic risk, surgical risk and health status. For each 
1  g/dL reduction in preoperative hemoglobin, the odds of mortality increased 
by a factor of 1.22 (95% CI 1.21–1.23, p  <  0.001). A preoperative hemoglobin 
threshold of 10.5  g/dL reflected equivalent risk for both male and female patients. 
Hemoglobin levels below 10.5  g/dL had higher risk of mortality for women than 
for men. The findings from this study aid evidence-based thresholds, inform 
anemia management and promote equitable care, thus enhancing patient 
outcomes.
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Highlights

• This study confirms the strong relationship between anemia and in-hospital mortality.
•  A hemoglobin threshold of 10.5 g/dL posed equal mortality risk for male and female 

patients, with levels below it elevating risk more for women.
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1 Introduction

Anemia is a common health issue that can affect people of all ages 
and is linked to higher rates of illness and death. The World Health 
Organization (WHO) has emphasized that appropriate subgroup 
thresholding would improve the diagnosis and management of 
anemia (1). The anemia definition by the WHO involves hemoglobin 
(Hb) levels <13 g/dL for men, <12 g/dL for non-pregnant women, and 
<11 g/dL for pregnant women (2, 3). These values reflect the lower end 
of the distribution of Hb values in healthy patients. However, 
establishing Hb thresholds that are applicable to different populations 
and clinical settings remains a challenge (4, 5). So far, there is no 
anemia definition, which is outcome-related.

An especially vulnerable population for anemia are patients 
undergoing surgery. Preoperative anemia has been associated with 
postoperative adverse outcomes in both cardiac and non-cardiac 
surgery (6, 7). Following Patient Blood Management recommendations, 
the prevalence of anemia should be  reduced before surgical 
interventions (8, 9). Women often have lower Hb values and are thus 
considered to have a higher tolerance to low Hb values (10, 11). In the 
surgical setting women additionally have a considerable disadvantage 
due to lower blood volume. Both factors could contribute to adverse 
outcomes for women undergoing surgery. It has been suggested that 
women have higher transfusion rates, complication rate and mortality 
compared to men undergoing similar surgical procedures (12–14). The 
question therefore remains what Hb values are equivalent between 
women and men in respect to mortality risk.

The German Patient Blood Management Network provides a 
unique opportunity to evaluate preoperative Hb thresholds across a 
broad population of surgical patients (15). Access to data from more 
than 1 million patients enables data-driven estimation of outcome-
based Hb thresholds. This study models the variation in Hb thresholds 
across the life cycle, evaluates the association of preoperative Hb levels 
with in-hospital mortality and estimates thresholds for survival equity 
between men and women.

2 Methods

2.1 Study population

This study included all patients aged ≥18 years who underwent 
non-obstetric surgery, were discharged from 14 German hospitals 
between January 1st, 2010, and December 31st, 2019, and had 
accessible preoperative Hb levels. Detailed methods have been 
published previously (15). Briefly, data were individually gathered 
from the electronic systems of participating hospitals, and 
supplemented with pharmacy and blood bank data by the local IT 
staff. To ensure privacy, anonymization was performed before 
aggregation at the data center. Routine error checks and validation 
were done by center-specific experts and PBM network biostatisticians. 
A healthy subpopulation was defined as patients with a Charlson 
comorbidity score of 2 or less undergoing minor surgery.

The study received approval from the ethics committee of the 
University Hospital Frankfurt (Ref. 318/17), as well as the ethics 
committees of all participating centers. Additionally, the Hessian data 
protection officer granted approval (Ref. 43.60; 60.01.21-ga, 24 

October 2018). The ethics committee waived the requirement for 
written informed consent from patients.

2.2 Statistics

The primary outcome of this study was in-hospital mortality and 
secondary outcomes were transfusion rate and length of hospital stay. 
In all steps of the analysis generalized additive models with linear, 
nonlinear and random effects were used (16). The 5th percentile of 
preoperative Hb values was estimated for increasing age with additive 
quantile regression (17). Univariate comparison between men and 
women was done with Pearson’s chi-squared test for counts and 
Kruskal–Wallis rank sum test for numeric variables.

For multivariate modeling candidate variables were selected by 
acyclic graphing based on literature and expert consensus. The 
variables included in the final models were then refined with forward 
selection. To capture demographic changes across a decade of surgical 
interventions, mortality rates specific for age, time of intervention and 
sex were calculated based on data from the German Federal Bureau 
of Statistics (18). All mortality models were adjusted for this 
demographic risk. To capture the health status of patients, models 
were also adjusted for the Charlson comorbidity index (19). 
Additionally, models were adjusted for age, sex, surgical risk and 
length of stay as fixed effects and treating hospital as a random effect. 
Surgical risk assessment was based on the performed procedures. 
Surgical procedure codes were ranked by the associated mortality risk 
yielding distinct risk categories. This was combined with an expert 
classification into minor and major surgery based on 
Supplementary Table S1. Both measures were jointly evaluated to 
capture the a priori risk associated with a surgical procedure.

A robust technique for estimating lower limits of normal are 
outcome-based methods that estimate values that are associated with 
a higher risk of adverse outcomes (20). To investigate what Hb values 
are equivalent between women and men with regard to mortality, 
interactions between Hb thresholds and sex were examined. Models 
with a threshold difference between 2.5 and −1.5 g/dL Hb between 
men and women were estimated continuously. Survival equity was 
defined as the Hb thresholds with the smallest interaction with sex.

3 Results

A decade of surgeries from 14 hospitals led to evaluate 1,201,817 
patients for this study. A broad range of surgeries was included to 
capture a diverse surgical population. Most frequent were surgeries on 
the Visceral surgery 19.7%, Trauma and orthopaedic surgery 16.5%, 
Urology 9.6%, Neurosurgery 8.4%, and Cardiac surgery 7.7%. Patients 
with missing preoperative Hb values (n = 276,259), outlier Hb values 
outside the range 4–18 g/dL (n = 1,769), and obstetric surgeries 
(n = 81,659) were excluded. 842,130 patients were included in this 
study (Figure 1). During a median in-hospital follow-up time of 7 days 
(IQR 9), in-hospital mortality was observed for 20,370 patients. 
Cohort characteristics are given in Table 1. The clinical features of 
women and men undergoing surgery exhibit distinct differences.

While preoperative Hb levels were normally distributed for both 
male (n = 456,356) and female patients (n = 385,774), male 
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preoperative Hb levels followed a more left skewed distribution 
(Figure 2A). The median preoperative Hb level in male patients was 
1 g/dL higher than in female patients (14.0 g/dL in men versus 13.0 g/
dL in women). For both women and men preoperative hemoglobin 
below WHO thresholds were associated with an increase of red cell 
transfusions. For hemoglobin values below 15 g/dL men received 
increasingly more red cell transfusions than women 
(Supplementary Figure S1).

Preoperative Hb levels did not only vary between men and female 
patients but also decreased significantly with age in a healthy 
subpopulation. While healthy patients under 40 years old had a mean 
preoperative Hb value of 15 g/dL for men and 13 g/dL for female 
patients, this difference narrowed with increasing age (Figure 2B). 
Interestingly, this is mostly due to a decrease of mean Hb of up to 3 g/
dL in male patients over 40 years old compared to patients under 
40 years old. In female patients the mean Hb rises at the age of 40 and 
then decreases slightly in older patients. The lowest 5% of healthy 
patients undergoing surgery had a similar difference in preoperative 
Hb levels under 40 years of age but this difference decreased even 
more dramatically with age and after the age of 55 the lowest 5% 
female and male patients had almost identical preoperative Hb values 
(Figure 2B).

Decreasing preoperative Hb levels were associated with increased 
death rates (Supplementary Table S2) and were able to stratify 
in-hospital mortality (Figure 3, log-rank test p < 0.001). Notably, the 

association of preoperative Hb with mortality remained significant 
even after accounting for various factors such as health status, 
demographic risk and type of surgery. A decrease of 1 g/dL in 
preoperative Hb was associated with a 1.20 OR (95% CI 1.19–1.21, 
p < 0.001) for an increased risk of mortality (Supplementary Table S3). 
This association was also significant for every surgical discipline in 
subgroup analysis except for endocrine surgery. In the cardiac surgery 
subgroup preoperative hemoglobin had the lowest OR per 1 g/dL 
decrease (OR 1.11, 95% CI 1.09–1.13, p < 0.001), while the oral-
maxillofacial surgery subgroup had the highest OR per 1 g/dL decrease 
(OR 1.30, 95% CI 1.28–1.32, p < 0.001). Lower preoperative Hb values 
increased red cell transfusion requirements and prolonged hospital 
stay. Every 1 g/dL drop in preoperative Hb had a 1.72 OR (95% CI 
1.71–1.73, p < 0.001) for any red cell transfusion. Likewise, every 1 g/
dL drop in preoperative Hb prolonged the length of hospital stay by 
0.58 days (95% CI 0.56–0.60, p < 0.001).

To determine equitable Hb values for risk of mortality, 
we estimated thresholds considering health status, demographic risk, 
and type of surgery for men and women. Figure 4 gives preoperative 
Hb values with equivalent mortality risk between women and men. 
Hemoglobin thresholds that show the least difference based on sex are 
illustrated as a solid line. If preoperative Hb values between women 
and men were to be equivalent 1:1, Hb thresholds could be represented 
by the identity function (Figure 4, solid black line). At the upper end 
of the spectrum Hb thresholds for survival equity were estimated 2 g/

FIGURE 1

Study population: patients included in this study from the German Patient Blood Management Network.

https://doi.org/10.3389/fmed.2024.1334773
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Rumpf et al. 10.3389/fmed.2024.1334773

Frontiers in Medicine 04 frontiersin.org

dL higher for men than for women. That means for women a threshold 
of 12 g/dL was equivalent in mortality to a threshold of 14 g/dL in men 
(Figure 4, dashed grey line). Notably a threshold of 10.5 g/dL was 
associated with equivalent mortality for both male and female 
patients. At this threshold women received 1.4 red blood cell units on 
average while men received 2.0 units (Supplementary Figure S1). 
Lastly, at the lower end of the spectrum survival equity was estimated 
0.5 g/dL higher for women than for men. That means for women a 
threshold of 8 g/dL was equivalent in mortality to a threshold of 7.5 g/
dL in men (Figure 4).

4 Discussion

The results presented in this study quantify the impact of low Hb 
levels on in-hospital mortality and their differential impact on women 
and men. A Hb threshold of 10.5 g/dL posed equal mortality risk for 
male and female patients, with levels below it elevating risk more for 

women. Furthermore, low preoperative Hb values increased 
in-hospital mortality, transfusion requirements and length of 
hospital stay.

The observed difference in Hb levels between male and female 
patients emphasizes the importance of sex-specific thresholds to ensure 
optimal clinical outcomes. Sex-specific differences in anemia have only 
recently been warranted in the Anaemia Global Burden of Disease Study 
(5). This falls in line with the WHO call for subgroup thresholding in 
anemia management (1). The identification of sex-specific thresholds for 
survival equity adds valuable insights to the management of anemia and 
offer clinicians practical guidance for assessing anemia severity. The 
highlighted sex-specific differences also align with findings from 
previous studies (14, 21–23). The increased risk of mortality in women 
compared to men with Hb levels below 10.5 g/dL, indicates that women 
did not have a higher tolerance to low Hb values. This finding differs 
from previous studies that have suggested a higher tolerance for low Hb 
values in women (10, 11). These differences can be explained in part by 
the incomplete adjustment for confounders in these retrospective 

TABLE 1 Cohort characteristics for patients included in this study.

Male (N =  456,356) Female (N =  385,774) p

Age (years) 64 (51, 75) 63 (48, 76) <0.001a

Charlson comorbidity index 0.0 (0.0, 2.0) 0.0 (0.0, 2.0) <0.001a

Surgical discipline <0.001b

  Visceral surgery 89,415 (19.6%) 76,529 (19.8%)

  Trauma and orthopaedic surgery 67,775 (14.9%) 71,463 (18.5%)

  Urology 62,580 (13.7%) 18,597 (4.8%)

  Neurosurgery 37,278 (8.2%) 33,327 (8.6%)

  Cardiac surgery 43,161 (9.5%) 21,512 (5.6%)

  Vascular surgery 35,543 (7.8%) 23,979 (6.2%)

  Dermatology 26,422 (5.8%) 20,652 (5.4%)

  Ophthalmology 20,764 (4.5%) 19,683 (5.1%)

  Otorhinolaryngology 24,326 (5.3%) 15,536 (4.0%)

  Gynaecology 348 (0.1%) 35,917 (9.3%)

  Oral-maxillofacial surgery 19,594 (4.3%) 15,152 (3.9%)

  Surgery of the hematopoietic- and lymphatic system 8,639 (1.9%) 15,263 (4.0%)

  Thoracic surgery 14,517 (3.2%) 8,645 (2.2%)

  Endocrine surgery 3,397 (0.7%) 7,922 (2.1%)

  Other surgeries 2,597 (0.6%) 1,597 (0.4%)

Preoperative hemoglobin (g/dL) 14.0 (12.5, 15.1) 13.0 (11.8, 13.9) <0.001a

Postoperative hemoglobin (g/dL) 12.3 (10.3, 14.1) 11.7 (10.2, 13.0) <0.001a

Perioperative hemoglobin change (g/dL) −0.8 (−2.3, 0.0) −0.7 (−1.9, 0.0) <0.001a

Red cells (any) 59,224 (13.0%) 47,172 (12.2%) <0.001b

Platelets (any) 19,130 (4.2%) 9,456 (2.5%) <0.001b

Plasma (any) 16,286 (3.6%) 9,180 (2.4%) <0.001b

Fibrinogen (any) 10,897 (2.4%) 5,375 (1.4%) <0.001b

Prothrombin complex concentrate (any) 17,225 (3.8%) 8,537 (2.2%) <0.001b

Length of hospitalization (days) 7 (4, 13) 7 (4, 12) <0.001a

The table gives median and interquartile range (IQR) for continuous variables and counts for categorical variables. For blood products the count reflects the number of patients that received 
any blood product.
aKruskal–Wallis rank sum test.
bPearson’s chi-squared test.
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studies. This phenomenon is also comprehensible in our study through 
an examination of the adjusted and unadjusted associations. Although 
men exhibited a higher mortality rate at low hemoglobin levels 
univariately (Supplementary Table S2), after accounting for confounding 
variables such as health status, surgical risk, demographic factors, and 
blood transfusions, women were found to be at a greater risk at lower 
hemoglobin values (Figure 4). The significance of these confounding 
variables is underscored in Table 1, which illustrates the distinct clinical 
traits between men and women. Men typically exhibit higher morbidity 
and mortality rates compared to women in the same age group. 
Therefore, overlooking sex-specific characteristics, such as demographic 
mortality risks, could introduce biases when comparing Hb values 
between men and women. From an evolutionary perspective women 
could be expected to have a higher tolerance to a drop in Hb due to 
habituated blood loss in menstruation and child birth. The direct effect 
of hemoglobin on mortality may only be measured in the absence of 
blood transfusions. While this study tries to deal with confounding 
effects of blood transfusions, it suggests that women do not survive lower 
Hb levels than men. Furthermore, women in this study received less 
blood transfusions than men with the same hemoglobin value 
(Supplementary Figure S1), putting women at an advantage in terms of 
transfusion driven morbidity. However, this could also mean that current 
intervention thresholds put women at a survival disadvantage.

This study underscores the strong association of low preoperative 
Hb levels with increased in-hospital mortality that has been 
demonstrated in previous studies (7, 24, 25). This study further 
highlights the potential of preoperative hemoglobin for perioperative 
risk assessment and emphasizes the importance of sex-specific 
consideration of hemoglobin thresholds. Similar to what has been 
shown for cardiac surgery patients (6), this study showed for a broader 
surgical population that low preoperative Hb increased transfusion 
requirements and prolonged hospital stay for patients.

It is important to acknowledge some limitations. In a surgical 
cohort even in the absence of comorbidities patients will have more 

FIGURE 3

Preoperative hemoglobin stratifies in-hospital mortality: survival curves were derived from the Kaplan–Meier estimator stratified by preoperative 
hemoglobin. Decreasing hemoglobin levels were associated with increasing mortality risk (log-rank p  <  0.001).

FIGURE 2

Preoperative hemoglobin levels: (A) distribution of preoperative 
hemoglobin in female (n   =  385,774) and male patients 
(n   =  456,356), (B) smoothed conditional means (solid line) with the 
5th percentile (dashed line) for a healthy subpopulation (Charlson 
comorbidity score <3, minor surgery). Measures are given 
continuously for age in female (n   =  234,430) and male patients 
(n   =  274,762).
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adverse outcomes than a healthy sample of the population, which 
limits generalization. However, the higher number of adverse 
outcomes enables the outcome oriented approach of threshold 
estimation employed in this study. This study also lacks standardized 
transfusion thresholds, which could introduce red cell transfusions 
as a confounder between preoperative hemoglobin and outcomes 
of this study. This aspect could also be beneficial since patients from 
14 different hospitals could capture a diverse clinical perspective of 
transfusion strategies in Germany. To minimize confounding by 
transfusion thresholds, models were evaluated that included red cell 
transfusions as a confounder. There are other potential confounders, 
which may contribute to mortality, that were not assessed in this 
study: intraoperative stress, bleeding and bleeding disorders, and 
reactions and negative direct effects caused by blood transfusions. 
While these confounders could not be directly assessed, the number 
of units of red cell, plasma, platelet, fibrinogen and prothrombin 
complex concentrate were evaluated. In all of the aforementioned 
cases the number of transfusions should capture most of the 
confounding effect as a mediator variable. Furthermore, a diverse 
surgical population was evaluated in this study, which might not 
fully capture effects in specific subpopulations. Our modelling 

approach sought to limit any bias introduced by this and a subgroup 
analysis for all surgical disciplines included in this study was 
conducted for the primary outcome. Lastly, this study focused on 
in-hospital mortality, which is a rather rare outcome and may limit 
power. In-hospital mortality can also be a biased measure and may 
not accurately capture true case mortality (26).

Further research is needed to examine the impact of preoperative 
Hb levels on other long-term outcomes, such as post-discharge 
mortality and morbidity. Future studies should also determine the 
validity and generalizability of these findings. Until such investigations 
are completed, it would be premature to alter current intervention 
protocols based on this research. Nonetheless, it is advisable to 
encourage healthcare professionals to monitor Hb disparities between 
males and females and to strive for the optimization of preoperative 
Hb levels.

In conclusion, this study confirmed the strong relationship 
between preoperative anemia and adverse outcomes and proposes Hb 
thresholds for survival equity between men and women. The findings 
contribute to ongoing efforts to establish evidence-based Hb 
thresholds and provide valuable insights for clinical decision-making 
in the diagnosis and management of anemia. By optimizing anemia 

FIGURE 4

Hemoglobin thresholds for survival equity between women and men: in order to investigate comparable hemoglobin levels linked to mortality in both 
men and women, interactions of hemoglobin thresholds and sex were analyzed using generalized additive models. Survival equity was defined as the 
hemoglobin thresholds that show the least difference based on sex. The smooth line indicates similar hemoglobin levels for both genders. The color 
scale illustrates the associated risk (odds ratio) with these thresholds.
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treatment strategies and promoting equitable healthcare delivery, 
patient outcomes can be significantly improved.
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