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Red blood cell (RBC) transfusion is a clinically
effective therapy in anemia, for example in patients
with malignancies (Shander et al., 2020), bleeding
(Odutayo et al., 2017), and preoperative anemia (Pad-
manabhan et al., 2019). The past few decades have
witnessed a shortage of blood for transfusion due to
limited health insurance coverage for blood use and
the rapid expansion of hospitals (Chen et al., 2011;
Shi et al., 2014). Blood donation levels may easily be
affected by general changes in the environment, policy,
major events such as disasters, and public sentiment
(Hu et al., 2019). Meanwhile, the transfusion of allo-
geneic RBC is a double-edged sword, increasing the
possibility of infectious and immunological complica-
tions, and also leading to higher morbidity and mor-
tality after transfusion (Frank et al., 2012). Considering
that the continual shortfall has been increasingly
prominent, identifying the factors associated with RBC
transfusion could help blood transfusion departments
to improve their supply of blood products as well as
their inventory management (O'Donnell et al., 2018).

Previous studies have considered blood shortages
at either the hospital level or the patient level. Here,
we analyzed the imbalance from both these perspec-
tives, based on a large amount of data collected from
the First Affiliated Hospital (Zhejiang University School
of Medicine, Hangzhou, China). For this study, we
collected data on patients’ RBC requirements from
January 1st, 2013 to December 31st, 2020. The daily
total applied units of RBC were cumulative for all
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patient requirements during this period. We established
a time series based on total weekly RBC applications
for the entire hospital from 2013 to 2020 (Fig. 1a).

We conducted a time-series analysis using the triple
exponential smoothing method to decompose the factors
from the hospital inventory which affected the amount
of RBC given from 2013 to 2019 (Figs. 1b—le).
Because of the impact of the coronavirus disease
2019 (COVID-19) in early 2020 (Xiang et al., 2020),
there was a sizeable reduction in the total number of
applications. Therefore, we did not include the data
for this period in the analysis. Accordingly, the amounts
of weekly RBC applications showed an obvious
upward trend year by year, as well as a similar season-
ality each year.

The basic principle of the exponential smoothing
method is to give different weights to observed values
of a time-series sequence. Compared with earlier
data, more recent data will be given greater weight,
which helps to eliminate the influence of noise and
produce more reasonable and reliable models. The
triple exponential smoothing method, which applies
exponential smoothing three times, allowed us to incorp-
orate seasonal effects into the model.

Holt-Winters multiplicative fitting and Holt-Winters
additive fitting are the two main triple exponential
smoothing methods. If a time series is stable, Holt-
Winters additive fitting is recommended; otherwise,
Holt-Winters multiplicative fitting is preferred. Overall,
we saw little difference between the two models in
fitting the total weekly RBC applications. The hori-
zontal parameter (o) was 0.072 vs. 0.097, the trend
parameter () was 0 vs. 0, and the seasonal parameter
(y) was 0.454 vs. 0.383 (multiplicative vs. additive).
Most donors in China are college students and migrant
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workers; thus during the summer college vacation and
the traditional Chinese Spring Festival Holiday, the
donation decreased dramatically. The amount peaked
in August and September, decreased from October,
and then gradually rose again in December.
Information about patients receiving RBC included
the number of units applied, patient age (years), sex,
and body mass index (BMI, kg/m®), as well as the
results of a blood test (hemoglobin (HGB), platelet
(PLT), prothrombin time (PT), hematocrit (HCT), and
alanine aminotransferase (ALT)), ABO type, usage

classification, history of blood transfusion (Xiang et al.,
2020), and hospital department. We used a binary
logistic regression model to estimate the odds ratio
(OR) and 95% confidence interval (CI) for the effects
of selected individual and seasonal variables on the
number of transfusion units. The units of RBC given
were categorized into a binary variable by the median
of transfused RBC, which was 0 (for <2 units) or 1
(for =2 units). We adjusted for all selected factors in the
first model, including age (years), sex (male/female),
BMI (<18.5 kg/m?’, 18.5-23.9 kg/m’, 24.0-27.9 kg/m’,
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Fig. 1 Models derived from clinical blood transfusion data. (a) Time plot of the daily and weekly demands for RBC
transfusion from Jan. 2013 to Dec. 2020. (b—e) Fitting graphs and component decomposition graphs produced with the
Holt-Winters multiplicative and additive models: (b) fitting graph for the Holt-Winters multiplicative model; (c) component
decomposition graph for the Holt-Winters multiplicative model; (d) fitting graph for the Holt-Winters additive model;
(e) component decomposition graph for the Holt-Winters additive model. (f) Nomogram showing the risk of transfusing
RBC below or beyond two units. RBC: red blood cell; PLT: platelet; PT: prothrombin time.

and >28.0 kg/m’), HGB (g/L), PLT (10’ L™), PT (s),
HCT (%), ALT (U/L), ABO blood type, usage classifi-
cation (surgery, ward, and emergency), history of blood
transfusion (Yes/No), departments (surgical department,
internal medicine department, obstetrics and gynecology
department, emergency department, and others), and
season (spring, summer, autumn, or winter). We then
tried the second model, using backward step-wise binary
logistic regression based on the first model. In addition,
to assist in translation of the generated statistical model,
we created a risk assessment nomogram as a graphic
model representation (Fig. 1f). Subgroup analysis
was performed to identify potential modifications by
different seasons.

Patients receiving RBC transfusion were aged
(55.91£16.20) years and 56% male. Blood types A
(33.6%) and O (36.3%) were in greater demand.

Almost half of patients (48.1%) received RBC in
connection with surgery and 59.8% of them had a
history of blood transfusion (Table S1).

We found that older age and higher PLT were re-
lated to less RBC transfusion. Patients with AB (OR
(95% CI): 1.26 (1.04, 1.54)) or B (OR (95% CI): 1.38
(1.21, 1.57)) blood types were more likely to have
RBC transfusions of >2 units compared to type A.
Conversely, patients with type O (OR (95% CI): 0.87
(0.79, 0.97)) are unlikely to have RBC transfusions
of >2 units. Patients who were having elective surgery
(OR (95% CI): 2.70 (2.24, 3.27)) or were hospitalized
(OR (95% CI): 1.23 (1.07, 1.41)) needed more RBC
transfusion compared to those in the emergency depart-
ment. Also, having a history of blood transfusion was
a risk factor for greater RBC need. Compared with
the internal medicine department (OR (95% CI): 2.23
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(2.07, 2.41)), obstetrics and gynecology department
(OR (95% CI): 0.83 (0.70, 0.97)) and emergency
department (OR (95% CI): 0.75 (0.64, 0.88)) were
less likely to use RBC transfusions over 2 units. In
general, the amount of blood used in the internal medi-
cine department was higher in autumn (Fig. S1).
Furthermore, patients who received RBC in summer
(OR (95% CI): 0.72 (0.66, 0.79)) were negatively
correlated to higher units of RBC transfusion, while
in winter and autumn (OR (95% CI): 1.11 (1.01, 1.22)),
there was a positive correlation (Table S2).

In subgroup analysis, factors affecting the units
of RBC transfusion varied across the four seasons
(Table S3). For all four seasons, the transfusion demand
for surgery was steadily higher than that for emergency
events. In spring, male and O-type patients were less
likely to have more units of RBC transfusion. Mean-
while, in the other three seasons, younger and B-type
patients were associated with more RBC transfusion
units. In summer, the HGB (OR (95% CI): 0.99 (0.97,
1.00)) and HCT (OR (95% CI): 1.04 (1.00, 1.09)) of
the patients were significantly related to the number
of RBC transfusion units. A history of blood transfu-
sion (OR (95% CI): 1.48 (1.10, 1.98)) was also a risk
factor for more RBC transfusion, but only in summer.
In autumn, overweight and AB-type patients were posi-
tively associated with higher demand for RBC, and
the need in the emergency department was less than
that in the internal medicine department. There were
fewer factors significantly related to RBC transfusion
in winter than in the other three seasons.

In summary, we collected a substantial amount of
data on RBC transfusion in a large general hospital in
Zhejiang Province, China. We conducted a time-series
analysis using the triple exponential smoothing method
and found a seasonal trend in the demand for RBC.
Then, we created a binary logistic model based on
patients’ selected factors as well as seasonal trends.
Taken together, the results suggest that age, PLT, PT,
ABO type, different usage classification, history of
blood transfusion, and hospital department are the
possible determinants, and that the effects of these
factors vary seasonally. The units of RBC given are
associated with seasonal trends in the blood inventory
and overall state of patients in this large general hos-
pital. Further studies involving more hospital-level
indicators may give more insight into best practices in
blood transfusion management.

Materials and methods
Detailed methods are provided in the electronic supplemen-
tary materials of this paper.
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