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Low serum calcium promotes
traumatic intracerebral hematoma
expansion by the response of
immune cell: A multicenter
retrospective cohort study

Dongzhou Zhuang7, Tian Li*’, Xianqun Wu'7, Huan Xie?, Jiangtao Sheng?, Xiaoxuan Chen3,
Fei Tian*, Hui Peng®, Kangsheng Li***, Weigiang Chen?** & Shousen Wang'/6"*

To explore the potential role of serum calcium levels at admission in the expansion of acute traumatic
intracerebral hematoma (tICH) and to construct a novel nomogram to predict tICH expansion. In this
multicenter retrospective study, 640 and 237 patients were included in the training and validation
datasets, respectively. Risk factors for acute tICH expansion were selected by logistic regression
analysis. Causal mediation and interaction analysis were used to explore the relationship between
serum calcium promotion of tICH expansion and inflammatory response. Receiver operating
characteristic, calibration and clinical decision curves were applied to estimate the performance of
multivariate models. Low serum calcium level was strongly associated with acute tICH expansion in
patients with brain contusion. There was no significant interaction of hypocalcemia across multiple
subgroups including sex, age, and coagulation dysfunction. 24.5% of the mechanisms by which
hypocalcemia promotes acute tICH expansion can be explained by an inflammatory response. The
addition of serum calcium made the modified model (serum calcium plus basic model) more accurate
than basic model with subdural hematoma, multihematoma fuzzy sign, time to baseline CT, level on
Glasgow Coma Scale score, platelet count, baseline tICH volume 25 mL, and monocyte-to-lymphocyte
ratio. Low serum calcium level is a novel risk factor for acute tICH expansion, the mechanism of which
may be mediated in part through the response of immune cell. The online dynamic nomogram provides
a user-friendly tool for the prediction of acute tICH expansion.

Keywords Traumatic brain injury, Acute traumatic intraparenchymal hematoma, Serum calcium, Tool
development, Predictive nomogram, Immune cells’ response

Traumatic brain injury (TBI), a major public health concern, is one of the leading causes of death and disability
worldwide!. Approximately 44% of TBI patients have cerebral contusions, and 16%-75% of cerebral contusions
have been reported to show hematoma progression on subsequent imaging>>. Acute traumatic intraparenchymal
hematoma (tICH) expansion is an early event following cerebral contusion, a serious and potentially life-
threatening brain injury. Recognizing hematoma progression in hemorrhagic cerebral contusion is especially
important because early detection and prompt treatment is associated with a reduced risk of complications and
poorer outcomes®’. Despite extensive research surrounding acute tICH, it remains an ongoing challenge to
accurately predict the expansion of acute tICH'.
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Currently, head computed tomography (CT) scans are the most commonly used method to assess primary
hematoma volume and hematoma expansion. Baseline hematoma volume has been reported as a risk factor
for hematoma enlargement®. The hematoma calculation method reported in many studies is calculated by
3D volume rendering. However, many hospitals currently still use the ABC/2 formula to calculate hematoma
volume, which is much less accurate than that calculated by 3D volume rendering®. This limitation may result
in less accurate measurement of primary hematoma volume, which in turn may affect the prediction of tICH
hematoma expansion. In addition, some morphological indicators of hematoma on cranial CT images (e.g.,
multihematoma fuzzy sign) have been reported to have predictive value for hematoma enlargement, but the
reliability and application value need to be confirmed by more studies”. Other predictors of tICH expansion,
such as age®’, coagulation dysfunction'?, glucose levels'!, and initial blood pressure!?!3, also have limitations
and need to be used in conjunction with other factors. Early identification of high-risk patients or early
intervention to prevent the development of hematoma expansion is of great clinical and social importance to
improve prognosis and improve the long-term survival of patients with TBI. Therefore, the identification of
valuable risk factors for acute tICH expansion and the establishment of an accurate predictive model for acute
tICH expansion is one of the current priorities in TBI research.

Abnormal serum calcium levels may reflect an imbalance in calcium homeostasis in the central nervous
system, contributing to acute adverse progression. In recent studies, serum calcium levels that affect the
progression of hematoma in patients with intracerebral hematoma have also been reported in hemorrhagic
stroke, showing that serum calcium levels are negatively correlated with the amount of ICH, and associated with
increased mortality and risk of progressive cerebral hemorrhaging!*~'6. In addition, serum calcium has been
widely reported as a valuable prognostic marker in stroke!’-!%, Recently, studies have shown that hypocalcaemia
on admission is associated with poor prognosis in patients with TBI?*2l. However, the relationship between
serum calcium and tICH expansion remains poorly understood. Given the heterogeneity of TBI, the mechanism
by which low serum calcium affects hematoma progression is likely to be more complex than that of spontaneous
ICH.

Immune cell response is a major feature of tICH following cerebral contusion®’. After brain injury, the
body can rapidly activate bone marrow hematopoietic stem cells (HSCs) through innervation, and generate
monocytes with immune regulatory function in a short time?*. When the body is under normal physiological
conditions, the infiltration of peripheral immune cells into the brain is mainly limited by the blood-brain
barrier (BBB). However, when a cerebral contusion occurs in the head, the BBB is destroyed and peripheral
immune cells are able to infiltrate the brain from the periphery, leading to a process of injury?*. It has been
reported that extracellular fluid in the injured or infected area contains a high concentration of calcium, which
may be significantly higher than the calcium concentration in serum, forming a concentration gradient with
serum calcium concentration. The seven-transmembrane calcium-sensing receptor on mature monocytes/
macrophages responds to this gradient of calcium concentration and leads to immune cell infiltration in
the injured area through the damaged BBB%. In this study, a significant decrease in lymphocyte counts was
also found in patients with hematoma expansion. In the acute phase expansion of tICH, the potential role of
lymphocytes is complex and poorly understood, but low levels of lymphocyte counts suggest an association with
spontaneous ICH progression and clinical deterioration?. In other diseases such as COVID-19, hypocalcemia is
associated with decreased lymphocyte counts?”. MLR reflects the changing balance between innate and adaptive
immunity through the ratio of monocytes to lymphocytes, suggesting an indicator of the body’s immune status,
which has been shown to have predictive value for acute tICH expansion?®. Therefore, it seems reasonable to
assume that MLR plays an important role in the impact of hypocalcemia on hematoma expansion.

In this study, we aim to (1) investigate the association of admission serum calcium level and tICH expansion
after brain contusion, (2) explore the causal mechanisms behind the influence of serum calcium levels on acute
tICH expansion from the perspective of immune cells’ response, and (3) develop and validate an easy-to-use
clinical predictive tool, based on several admission characteristics, for acute tICH expansion.

Methods

Patient population and ethics

This retrospective cohort study was conducted in four hospitals between March 1, 2014, and February 1, 2019.
The study included consecutive patients with primary TBI at three hospitals (the First Affiliated Hospital of
Shantou University Medical College, the Second Affiliated Hospital of Shantou University Medical College, and
the Fuzong Clinical Medical College of Fujian Medical University, China) as the training dataset. Additionally,
consecutive patients, between March 1, 2014, and October 1, 2020, with primary TBI at the Affiliated Jieyang
Hospital of Sun Yat-sen University were retrospectively included in the external validation cohort.

Patients in all TBI centers were treated according to the Chinese surgical guidelines for management of
traumatic brain injury to reduce heterogeneity among multiple centers?. Inclusion criteria were: (1) baseline
CT scan showing at least one intraparenchymal hematoma, (2) adult patient (age > 18 years), and (3) having an
isolated TBI lesion without severe injury to other regions. Exclusion criteria were: (1) baseline CT scan more
than 6 h after brain contusion, (2) no follow-up CT scan within 48 h after baseline CT scan, (3) surgical clearing
of hematoma or death before follow-up CT, (4) history of brain tumor or spontaneous ICH, (5) lack of a blood
test within 24 h after brain contusion, and (6) used anticoagulants or had coagulopathy related diseases before
TBI.

The ethics committees of the four hospitals mentioned above approved this study with an ethical approval
number (No. 2020-042). The study has been registered on https://www.researchregistry.com/ and the Research
Registry Unique Identifying Number is researchregistry 9420. The work has been reported in line with the
STROCSS criteria. As this was a retrospective study, the Ethics Committee of the First Affiliated Hospital

Scientific Reports |

(2025) 15:8639 | https://doi.org/10.1038/s41598-025-93416-4 nature portfolio


https://www.researchregistry.com/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

of Shantou University Medical College approved the waiver of informed consent. The ethical standards and
regulations in the relevant version of the Declaration of Helsinki were followed for all procedures in this study™.

Demographic and clinical variable assessment

Variables were obtained from the hospital’s electronic medical record systems, including sex, age, cause of
injury, hypertension, mean arterial pressure (MAP), diabetes mellitus, smoking, drinking, Glasgow Coma
Scale (GCS) score, and in-hospital death. Venipuncture was performed on admission to collect venous blood
samples. Routine blood tests and biochemical tests were conducted to determine platelet count, leukocyte count,
lymphocyte count, and monocyte count, serum calcium levels, and blood glucose. Routine coagulation tests
were also performed on admission to determine the prothrombin time (PT), activated partial thromboplastin
time (APTT), international normalized ratio (INR), and fibrinogen level*!.

Imaging acquisition and processing

Axial non-contrast CT images were obtained according to a standardized local protocol at each participant’s
institution. The CT images were read and recorded by two neurosurgeons with more than 10 years of experience
to ensure the reliability and accuracy of the data. Patient clinical data were kept confidential to them to avoid bias.
The location and morphology of the ICH and the presence of epidural hematoma (EDH), subdural hematoma
(SDH), subarachnoid hematoma (SAH), and intraventricular hematoma (IVH) were recorded based on baseline
CT images. CT images were analyzed using semi-automated computer-assisted volumetric analysis software
(General Electric Company, Waukesha, W1, USA) to calculate the hematoma volume of the tICH. In addition,
baseline CT time and follow-up CT time were recorded®. When the hematoma occurred in more than one
region of the brain, only the region with a hematoma volume greater than 5 ml was recorded. When the volume
of the hematoma increased in a region, it was registered as the volume of the hematoma in that region. If there
was no hematoma enlargement, the total volume was calculated when multiple intraparenchymal hematomas
were detected in the contusion area.

Definitions in this study

Acute tICH expansion was defined as an absolute increase of =6 mL in the hematoma size or a relative increase
of >33%3>%. This is due to the fact that a 33% change in sphere volume corresponds to a 10% increase in
diameter, which is significantly different from what is seen by the naked eye of physicians observing serial CT
scans of patients with ICH. GCS scores were classified into three levels: mild TBI (GCS score:13-15), moderate
TBI (GCS score: 9-12), and severe TBI (GCS score: 3-8)**. Hypocalcemia was a serum calcium level below
2.10 mmol/L?. Patients were considered to have a coagulation disorder if the APTT was =36 s, the INR was
> 1.2, or the platelet count was < 120 x 10° platelets/L at admission!?. To better represent the odds ratio of serum
calcium level to acute tICH expansion, the ratio of serum calcium level to the standard deviation of total group
calcium level (Ca/Ca.S.D.) was used for the logistic regression analysis*\. MLR is the ratio of monocyte count to
lymphocyte count.

Statistical analysis

All statistical analyses were performed with the commercially available SPSS software version 26 (IBM
Corporation, Armonk, New York, USA) and R statistical software (version 4.1.0, R Foundation, Vienna, Austria)
with appropriate R packages. Variables were compared in the patients with and without acute tICH expansion.
Continuous variables were represented by the means (standard deviations), and categorical variables were
represented by numerical values (percentages)®®. The chi-square test was applied to categorical data, Student’s
t-test to normally distributed variables, and the Mann-Whitney U test to nonparametric data. Missing data
in this study were few and completely missing at random. For missing data, multiple imputation was used to
generate complete data sets from the data set containing missing values®. All tests of significance in this study
were two-tailed, and statistical significance was considered at P<0.05.

Mediation effect analysis was performed according to the relevant codes in the literature and the “mediation”
R package. In the training dataset, we validated the effect of serum calcium levels on acute tICH expansion in
each subgroup (including sex, age, GCS, SDH, baseline tICH volume, coagulation function, MLR) on acute tICH
expansion by subgroup analysis, and by cross-tabulation analysis of additive models were used to calculate the
interactions. Finally, Causal mediation analysis (CMA) was used to investigate whether MLR proportionally
mediated the effect of hypocalcemia on acute tICH expansion events. CMA is a method that decomposes the
total effect of a variable into direct and indirect effects. In CMA, the average causal mediation effect (ACME)
is the average effect transmitted through the mediating variable (M), while the average direct effect (ADE) is
the effect through all other pathways other than M¥. In this approach, hypocalcemia was assumed to be the
exposure factor (X), MLR was assumed to be the mediator (M), and acute tICH expansion was used as the
outcome (Y). For the mediation analysis, there were three pathways essential to test (Fig. 4A): pathway-c, where
X is associated with Y; pathway-a, where X is associated with M; and pathway-b, where M is associated with Y
after adjusting for X. When the associations of all three pathways were confirmed, mediation (indirect effects)
can be determined in the fourth step by estimating direct causality (Fig. 4A, pathway-c’). The ACME and the
ADE were estimated using a nonparametric 1000 bootstrap method.

Logistic regression analysis was applied to identify potential risk factors for acute tICH expansion. Independent
risk factors with P<0.05 were first selected by univariate regression analysis using a forward selection procedure
and then included in a multivariate model. Additionally, in subgroup analysis, logistic regression analysis to
investigate the relationship between serum calcium levels and acute tICH expansion in different subgroups, and
the interaction test was performed to explore the interaction between subgroup and serum calcium in acute
tICH expansion.
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Two models were developed to predict acute tICH expansions based on multivariate logistic regression: a
basic model and a modified model (with the addition of serum calcium to the variables incorporated in the
basic model). A nomogram was generated from the modified model in the validation cohort. The method of
nomogram generation and application was described in our previous study*.

The discriminative power of the prediction model and nomogram was evaluated in terms of the area
under the receiver operating characteristic curve (AUC), and the difference between various model AUCs was
determined using the DeLong test. Calibration curves were plotted with actual and predicted probabilities as
described in previous studies®>*®. Additionally, decision curve analysis (DCA) was applied to assess the clinical
utility of the model®. DCA is a method to evaluate the application value of predictive models in actual clinical
decision making. It is achieved by comparing the net benefits of different decision alternatives within a specific
threshold range. Here “net benefit” refers to the net effect after taking into account the benefits and losses from
false positive and false negative results. The central principle of DCA is to quantify the utility of predictive
models at specific clinical decision thresholds and compare them with other decision strategies. To facilitate the
application of the prediction model, we upgraded the nomogram to a dynamic nomogram and uploaded it to
the shinyapps.io platform (https://dzzhuang.shinyapps.io/tich_expansion/)4%4L.

Results

Characteristics of patients with acute tICH

There were 640 patients enrolled in the development database (Fig. 1A), with a mean age of 50 years, of whom
505 (78.9%) were male. Among them, 299 (46.7%) had acute tICH extension. Patients with acute tICH extension
had a higher mean age, leukocyte count, and MLR than those without extension. There were no significant
differences in sex, hypertension, diabetes, smoking, epidural hematoma, brain atrophy, and location of brain
contusion between the two groups. Additionally, they had a larger baseline tICH volume and follow-up tICH
volume, a longer PT and APTT, a lower serum calcium level and lymphocyte count, and reduced time to baseline
CT scan and baseline CT to follow-up CT scan. Patients with tICH expansion were more likely to have higher
motor vehicle-related injuries, in-hospital mortality, IVH, SAH, SDH, large baseline tICH volume, hypocalcemia,
and severe or moderate GCS levels compared with patients without hematoma expansion (Table 1).

The 237 patients included in the validation dataset had a mean age of 52 years, and 184 (77.6%) were male
(Fig. 1B). Of these, 128 (54.0%) had acute tICH expansion. Similar to the training dataset, patients with acute
tICH expansion had lower serum calcium levels and a higher frequency of hypocalcemia compared to patients
without acute tICH expansion (Table S1).

Admission predictor selection and construction of predictive models for acute tICH
expansion

Univariate logistic and multivariate logistic regression analyses were used to construct the outcome model for
predicting hematoma enlargement in tICH patients. Univariate logistic regression showed that age, Glasgow
Coma Scale score, location of contusion, IVH, SAH, SDH, time to baseline CT, baseline tICH volume >5 mL,
multihematoma fuzzy sign, PT, INR, APTT, platelet count, MLR, and serum calcium levels were the independent
risk factors of acute tICH expansion (Table S2). These variables were then included in a multivariate regression
model, and after adjusting for confounders, the p-values for GCS level (adjusted OR: 1.60, 95% CI: 0.91-2.80,
moderate vs. mild; adjusted OR: 1.71, 95% CI: 1.02-2.86, severe vs. mild), SDH (adjusted OR: 2.40, 95% CI:
1.51-3.81), platelet count (adjusted OR: 1.00, 95% CI: 0.99-1.00), MLR (adjusted OR: 7.22, 95% CI: 4.20-12.42),
multihematoma fuzzy sign (adjusted OR: 7.22, 95% CI: 6.32-24.67), time to baseline CT (adjusted OR: 0.88, 95%
CI: 0.80-0.97), baseline tICH volume =5 mL (adjusted OR: 1.87, 95% CI: 1.08-3.22), and serum calcium level
(adjusted OR: 0.53, 95% CI: 0.42-0.68) remained significant. Finally, two predictive models (basic, and modified
models) were conducted (Table 2). Among the two models, the basic model incorporated Glasgow Coma Scale
score, SDH, platelet count, MLR, multihematoma fuzzy sign, time to baseline CT and baseline tICH volume >5
mL, and variables from the basic model and serum calcium level were included in the modified model.

Low serum calcium is an independent risk factor for acute tICH expansion

Based on the results of univariate logistic regression, an association between serum calcium levels (Ca/Ca.S.D.)
and acute tICH expansion was found (Table S2). Multivariable logistic regression analysis showed that after
adjusting for other independent risk factors for acute tICH expansion, serum calcium levels remained significant
(Table 2). Moreover, no significant interactions were found between serum calcium and any of the subgroup
variables, including sex, age, GCS level, coagulation, baseline tICH volume, and MLR (Fig. 2).

Assessment of model predictive value

The predictive models were compared using ROC curve analysis. The modified model (AUC: 0.858, 95% CI:
0.829-0.888) exhibited optimal discrimination for acute tICH expansion compared with the models of serum
calcium (AUC: 0.694, 95% CI: 0.653-0.735) and the basic model (AUC: 0.833, 95% CI: 0.801-0.866) (Fig. 3A).
Moreover, the calcium model had a higher sensitivity (75.78% vs. 72.66%) and specificity (81.90% vs. 80.95%)
compared with the basic model. Calibration curves were used to evaluate the performance of these models
further. Calibration curves showed that both the basic model and modified model exhibited excellent calibration
for patients with tICH (Fig. 3B). In DCA, both basic and modified models had certain clinical practicality
with net benefit between threshold probabilities of 30% and 100%, and the modified model seemed to have a
higher net benefit compared to the basic model (Fig. 3C). In an external validation dataset, the modified model
maintained better discrimination for acute tICH expansion compared with the basic model (AUC: 0.871, 95%
CI: 0.827-0.916 vs. AUC: 0.830, 95% CI, 0.779-0.881; P=0.01) (Fig. 3D). Both the modified model and basic
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24535 patients with primary

tICH (2014- 2020)

Inclusion criteria l

1893 patients were included

Exclusion criteria l

640 were included in 237 were included in the
the training dataset external validation dataset

(A) (B)

Fig. 1. Flowchart of the patient selection process, including inclusion and exclusion criteria. Patients in the
training dataset (A) were retrospectively selected from the First Affiliated Hospital of Shantou University
Medical College, the Second Affiliated Hospital of Shantou University Medical College, and the Fuzong
Clinical Medical College of Fujian Medical University between March 1, 2014, and February 1, 2019. Patients
in the validation dataset (B) were selected from the Affiliated Jieyang Hospital of Sun Yat-sen University
between March 1, 2014, and October 1, 2020.

model for acute tICH expansion maintained excellent calibration (Fig. 3E). The DCA results also showed that
the modified nomogram showed a superior net clinical benefit in predicting acute tICH expansion (Fig. 3F).

Altogether, the modified model had better clinical utility in terms of discrimination, calibration, and
tICH expansion compared to the basic model and single serum calcium. The subgroup-specific classification
performance of the basic model and modified nomogram was validated in different subgroups (comprising
sex, age, GCS classification, initial hematoma volume class, MLR level, coagulopathy, hypocalcemia, and SDH)
(Table 3). Subgroup-specific classification performance indicated that the modified nomogram seemed to have
better discriminatory ability in most subgroups compared to the basic model, and exhibited good performance
in terms of sensitivity and specificity (Table 3).

Mediation analysis of MLR between hypocalcemia and acute tICH expansion

In the CMA, it was necessary to test three pathways (Fig. 4A), after which the mediation effect could be
determined. First, mediation analysis was used to test the hypothesis that coagulation dysfunction mediates
hypocalcemia to acute tICH expansion. The results showed that coagulation did not pass the pathway a (X->M)
test. MLR was further found to play a partially mediating role in the effect of hypocalcemia on acute tICH
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Acute tICH expansion
Variables Total (n = 640) | No (n=341) | Yes (n=299) | p
Demographics and clinical variables
Male sex, n (%) 505 (78.9) 270 (79.2) 235 (78.6) 0.857
Age, years, Mean + SD 50.2+18.0 48.5+17.8 522+182 0.01
Cause of injury, n (%), 0.04
Violence 41 (6.4) 21(6.2) 20 (6.7)
Fall 256 (40.0) 152 (44.6) 104 (34.8)
Motor vehicle 343 (53.6) 168 (49.3) 175 (58.5)
Hypertension, n (%) 80 (12.5) 39(11.4) 41 (13.7) 0.385
MAP, mmHg, Mean + SD 100.2 £17.7 99.3 +16.5 101.2 £ 18.9 0.188
Diabetes mellitus, n (%) 35 (5.5) 17 (5) 18 (6) 0.566
Smoking, n (%) 100 (15.6) 54 (15.8) 46 (15.4) 0.875
Drinking, n (%) 69 (10.8) 44 (12.9) 25 (8.4) 0.065
Level on Glasgow Coma Scale score, n (%) <0.001
Mild (13-15 points) 369 (57.7) 228 (67.1) 141 (47.2)
Moderate (9-12 points) 113 (17.7) 49 (14.4) 64 (21.4)
Severe (3-8 points) 157 (24.6) 63 (18.5) 94 (31.4)
In-hospital mortality, n (%) 27 (4.2) 5(1.5) 22 (7.4) <0.001
Imaging variables
Intraventricular hemorrhage, n (%) 47 (7.3) 17 (5.0) 30 (10.0) 0.035
Subarachnoid hemorrhage, n (%) 456 (71.4) 218 (64.1) 238 (79.6) <0.001
Subdural hemorrhage, n (%) 176 (28.1) 62 (18.8) 114 (38.4) <0.001
Epidural hematoma, n (%) 94 (14.8) 55(16.2) 39(13.1) 0.265
Encephalatrophy, n (%) 31 (4.9) 16 (4.7) 15 (5) 0.868
Location of contusion, n (%) 0.134
Frontal 297 (49.0) 155 (47.7) 142 (50.5)
Temporal 249 (41.1) 130 (40) 119 (42.3)
Parietal 27 (4.5) 17 (5.2) 10 (3.6)
Occipital 10 (1.7) 5 (1.5) 5(1.8)
Basal ganglia, brainstem, or cerebellum 23 (3.8) 18 (5.5) 5(1.8)
Multihematoma fuzzy sign, n (%) 121 (19.0) 16 (4.7) 105 (35.1) <0.001
Time to baseline CT, h, Mean + SD 3.0+£22 33+£23 2.7+2.1 <0.001
Time from baseline CT to follow-up CT, h, Mean + SD | 17.3 +£12.1 18.6 +12.4 158+ 11.7 0.005
Baseline tICH volume, mL, Mean + SD 43+76 33+6.2 5.5+8.7 <0.001
Baseline tICH volume >5 mL, n (%) 148 (23.1) 60 (17.6) 88(29.4) <0.001
Follow-up tICH volume, mL, Mean + SD 8.6 £16.5 31+62 150 £21.4 <0.001
Laboratory results
Leukocyte count, Mean + SD 14.8 +5.4 13.9+5.3 159+5.2 <0.001
Neutrophil count, Mean + SD 12.6 +5.4 11.4+4.8 14.0 + 4.8 <0.001
Lymphocyte count, Mean + SD 14+1.0 1.7+1.1 1.0+0.7 <0.001
Monocyte count, Mean + SD 0.8+ 0.5 0.8+0.5 0.8+0.4 0.736
MLR, Mean + SD 0.8+0.6 06+0.3 1.0+£0.7 <0.001
Blood glucose, mM/L, Mean + SD 9.7+16.2 8.7+42 10.6 +£22.4 0.189
Prothrombin time, s, Mean + SD 116 +1.3 115+ 1.1 11.7+1.5 0.018
International normalized ratio, Mean + SD 1.0+0.1 1.0+0.1 1.0+0.1 0.001
Activated partial thromboplastin time, s, Mean + SD 26.0+5.0 255+4.9 26.5+5.0 0.008
Fibrinogen, g/L, Mean + SD 26+1.0 2.6+0.9 25+1.0 0.385
Platelet count, Mean + SD 209.9 + 60.7 216.1 £59.6 |202.8+61.2 0.006
Coagulopathy, n (%) 207 (32.3) 102 (29.9) 105 (35.1) 0.16
Serum calcium level, mM/L, Mean + SD 2.1+0.1 22+0.1 2.1+0.1 <0.001
Hypocalcemia, n (%) 185 (28.9) 51 (15) 134 (44.8) <0.001

Table 1. Baseline characteristics according to acute tICH expansion of the development dataset. MAP, mean
artery pressure; MLR, monocyte-to-lymphocyte ratio; CT, computed tomography; SD, standard deviation;
tICH, traumatic intraparenchymal haematoma.
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Basic model Modified model
Variable Crude OR (95%CI) | P Value Adjust OR (95%CI) | P Value Adjust OR (95%CI) | P Value
Level on Glasgow Coma Scale score
Mild 1.00 [reference] 1.00 [reference] | 1.00 [reference] 1.00 [reference] | 1.00 [reference] 1.00 [reference]
Moderate (Moderate vs. Mild) 2.05 (1.34,3.15) 0.001 1.44 (0.81,2.57) 0.214 1.6 (0.91,2.80) 0.099
Severe (Severe vs. Mild) 2.45(1.67,3.57) <0.001 1.85(1.1,3.13) 0.021 1.71 (1.02,2.86) 0.041
Subdural hemorrhage (yes vs. no) 2.69 (1.88,3.86) <0.001 2.27 (1.4,3.67) 0.001 2.4 (1.51,3.81) <0.001
Platelet count 1.00 (0.99,1.00) 0.012 1.00 (0.99,1.00) 0.025 1.00 (0.99,1.00) 0.033
MLR 8.33(5.19,13.39) <0.001 7.89 (4.47,13.92) <0.001 7.22 (4.2,12.42) <0.001
Multihematoma fuzzy sign (yes vs. no) 10.96 (6.3,19.06) <0.001 12.76 (6.2,26.23) <0.001 12.49 (6.32,24.67) <0.001
Time to baseline CT 0.88 (0.81,0.94) 0.001 0.87 (0.79,0.96) 0.007 0.88 (0.80,0.97) 0.012
Baseline tICH volume >5 mL (yes vs. no) | 1.94 (1.34,2.82) <0.001 1.82(1.07,3.10) 0.028 1.87 (1.08,3.22) 0.026
CA/CA.SD. 0.49 (0.41,0.59) <0.001 — — 0.53 (0.42,0.68) <0.001

Table 2. The basic and modified model for predicting acute tICH expansion. MLR, monocyte-to-lymphocyte
ratio; CT, computed tomography; S.D., standard deviation; tICH, traumatic intraparenchymal haematoma; CA,
serum calcium level.
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Fig. 2. OR (95% CI) for acute tICH expansion in subgroups of cerebral contusion patients and interaction test
of the stratification variables and serum calcium level.

expansion in tICH patients (Fig. 4B). In the unadjusted model, the mediating variable MLR explained 24.5%
(95% CI: 13.9-39.0%; P<0.001) of the effect in acute tICH expansion by hypocalcemia. This mediating effect
decreased slightly to 22.2% (95% CI: 11.8-36.0%; P<0.001) in the adjusted model (Table S3).

Nomogram construction

For clinical application, a nomogram for predicting tICH expansion was built on the modified models (Fig. 5).
In the nomogram, the sum of the scores of each index for each patient corresponds to the probability of tICH
expansion. Finally, the nomogram was upgraded to a dynamic nomogram and uploaded to the shinyapps.
io platform at https://dzzhuang.shinyapps.io/tich_expansion/. Users can calculate the probability of tICH
expansion for each patient via computer or cell phone (Fig. 6). After the output of the sample is calculated, the
results page will show the probability of tICH expansion, 95% confidence interval and the parameters of the
model.
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Fig. 3. Discrimination, calibration and clinical benefit of models for acute tICH expansion. (A) Receiver
operating characteristic (ROC) curve analysis was performed for the basic model (red line), modified model
(blue line) and serum calcium (green line) for the prediction of acute tICH expansion in the training cohort.
(B) DCA curve of basic and full model predicted acute tICH expansion. The modified model shows a higher
net benefit in the training cohort. (C) The consistency of the modified model is better than that of the basic
model in the training cohort. (D) ROC curve analysis was performed for the basic model (red line), modified
model (blue line), and serum calcium (green line) for the prediction of acute tICH expansion in the validation
cohort. (E) DCA curve of basic and full model predicted acute tICH expansion. The modified model shows a
higher net benefit in the validation cohort. (F) The consistency of the modified model is better than that of the
basic model in the validation cohort.

Discussion

This multicenter retrospective study examined the relationship between serum calcium levels at admission and
acute tICH expansion and explored the possible mechanisms behind it from an inflammatory perspective. Serum
calcium levels were significantly lower in patients with acute tICH expansion than in those without expansion,
and the frequency of hypocalcemia was higher. Low serum calcium levels on admission are an independent risk
factor for acute tICH expansion, and this association occurs in a broad group of tICH patients. CMA results
indicate that MLR (an immune cell response index) may partially mediate the effect of hypocalcemia on acute
tICH expansion with a mediating contribution of 24.5%. We further developed two predictive models for acute
tICH expansion in patients with hemorrhagic cerebral contusion, the basic model and modified model based on
the basic model incorporating the variable serum calcium. The modified model showed optimal discrimination,
and clinical utility compared with the basic model. Finally, we presented a modified nomogram in external
validation. This nomogram maintained excellent performance in both discrimination and calibration in the
externally validated dataset and showed a good net benefit for clinical purposes.

In clinical practice, the progression of ICH is a dynamic and complex phenomenon, and its underlying
pathophysiology remains unclear. Previous studies suggest that inflammatory response, hypertension and
impaired coagulation may be key pathways driving ICH progression'®'%. Serum calcium is one of the important
physiological indicators in the human body. Firstly, serum calcium levels can affect vascular reactivity. Secondly,
serum calcium plays an important role in coagulation cascades. In non-tICH patients, low serum calcium levels
on admission indicate a larger baseline hematoma volume, a higher risk of hematoma enlargement, poorer
prognosis, and coagulation dysfunction may be the underlying mechanism!41542,

In this study, low serum calcium is also a risk factor for hematoma enlargement. Similar to spontaneous
ICH, recent reports have suggested that low serum calcium levels may play an important role in hematoma
progression in tICH through coagulation dysfunction, with a partial mediating effect of coagulation function
explaining 24.4% of the total effect®’. In present study, we did not find an interactive effect of serum calcium
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Basic model Modified model
Subgroup AUC (95% CI) Sensitivity (%) | Specificity (%) | AUC (95% CI) Sensitivity (%) | Specificity (%)
Male 0.826 (0.768, 0.884) | 67.00 85.37 0.871 (0.821, 0.922) | 83.00 76.83
Female 0.823 (0.711, 0.936) | 92.59 61.54 0.883 (0.792,0.974) | 88.89 76.92
<65 years 0.830 (0.770, 0.890) | 70.93 83.91 0.857 (0.803, 0.912) | 86.05 71.26
> 65 years 0.923 (0.858, 0.988) | 75.61 100.00 0.949 (0.894, 1.000) | 95.12 85.71
Mild TBI 0.798 (0.728, 0.868) | 63.51 85.33 0.841 (0.778,0.904) | 78.38 76.00
Moderate and Severe TBI 0.899 (0.834, 0.965) | 92.45 72.73 0.930 (0.876, 0.984) | 88.68 87.88
Baseline tICH volume, < 5mL | 0.805 (0.741, 0.869) | 67.05 82.76 0.836 (0.777,0.896) | 72.73 83.91
Baseline tICH volume, > 5 mL | 0.974 (0.942, 1.000) | 74.36 95.24 0.974 (0.942, 1.000) | 94.87 95.24
MLR< 0.89 0.802 (0.737, 0.867) | 53.95 93.75 0.847 (0.788, 0.905) | 85.53 71.88
MLR> 0.89 0.843 (0.739, 0.947) | 62.75 100.00 0.907 (0.823,0.991) | 76.47 91.67
Coagulopathy 0.843 (0.765, 0.921) | 67.31 95.12 0.878 (0.809, 0.947) | 78.85 87.80
Normal coagulation function | 0.827 (0.759, 0.895) | 72.00 85.07 0.868 (0.811, 0.926) | 70.67 89.55
Normocalcemia 0.857 (0.796, 0.917) | 69.57 84.88 0.857 (0.796, 0.917) | 78.26 81.40
Hypocalcaemia 0.743 (0.663, 0.822) | 52.17 90.70 0.814 (0.746, 0.882) | 72.46 77.91
SDH (Present, No) 0.788 (0.721, 0.855) | 62.82 80.85 0.842 (0.782,0.902) | 67.95 89.36
SDH (Present, Yes) 0.909 (0.824, 0.994) | 90.00 78.57 0.914 (0.837,0.992) | 72.00 92.86

Table 3. Subgroup-Specific ROC of the basic model and modified model in the validation dataset. MLR,
monocyte-to-lymphocyte ratio; CT, computed tomography; SDH, subdural hemorrhage; tICH, traumatic
intraparenchymal haematoma; TBI, traumatic brain injury. Subgroup analyses (e.g., Male, Female, Age) reflect
the model’s performance when evaluated on the specified subgroup within the validation dataset. Both the
Basic and Modified Models were trained on the full cohort (all patients) and included all variables listed in the
Methods section. Subgroup stratification (e.g., sex) was applied only during validation to assess generalizability.
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Fig. 4. Mediation analysis of association between hypocalcemia and acute tICH expansion with inflammatory
mediator MLR. (A) Framework of mediation analysis. (B) Visualization of results from mediate function.

and coagulation function on acute tICH expansion. However, in contrast to the study of Zhang and colleagues®,
we did not find a mediating effect of coagulation function, which may be due to differences in patient selection
criteria and outcome definitions. For instance, Zhang and colleagues included patients who had a baseline CT
within 8 h of injury and a follow-up CT within 24 h of the baseline CT, whereas this study included patients
who had a baseline CT within 6 h after injury and a follow-up CT within 48 h after the baseline CT, and there
were also some differences in the definition of outcomes, as our outcome variable, hematoma expansion, did not
include features of a new hematoma found at the follow-up CT, whereas this was included in the definition of
outcomes in Zhang’s study. Moreover, Zhang’s results were based on a single-center and as such may have sources
of bias and variation. Therefore, more relevant studies are needed to verify the mediating role of coagulopathy in
hypocalcemia on hematoma progression.

The current study further explores MLR as a mediator and its interaction with hypocalcemia on acute tICH
expansion. The results showed that no significant interaction was found between serum calcium and MLR in
terms of hematoma enlargement, which implies that the relationship between the variables was additive rather
than multiplicative. Through CMA, MLR was found to serve as a partial mediator of the effect of hypocalcemia
on acute tICH expansion. This finding highlights the key role played by immune cells’ responses in the
development of acute tICH expansion. Serum calcium levels may influence the inflammatory index MLR, which
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Fig. 5. Nomogram from the modified model for acute tICH expansion. Points for each parameter are assigned
by corresponding values from the point axis to calculate a patient’s risk of acute tICH expansion. The sum of
the points is plotted on the total point axis. The patient’s acute tICH expansion probability is the value at the
vertical line from the corresponding total points.

in turn partially mediates the effect of acute tICH expansion. Specifically, MLR accounts for 24.5% of the effect
of serum calcium on acute tICH expansion. Understandably, immune cells’ response only partially mediates the
effect of serum calcium on acute tICH expansion. This suggests that serum calcium may have additional effects
through unrecognized pathways**. Animal studies suggest that in ischemic brain injury, calcium migrate from
the serum to affected areas, resulting in a slight increase in extracellular calcium concentration and activation
of calcium-sensitive receptors, which in turn initiate anti-apoptotic pathways*>¢. Calcium supplementation has
also been found to reduce stroke mortality rates in rats*’. Furthermore, a decrease in calcium levels may disrupt
the adhesiveness and tightness of endothelial cells, thereby affecting the integrity of the BBB and potentially
exacerbating bleeding*®*°. Overall, our findings provide a new perspective on the role of serum calcium levels
in the mechanism of immune cells’ response-induced acute tICH expansion, using MLR as a point of entry.
However, this study only proposed hypotheses, and validation and testing about mechanisms can only be
realized by further designing experimental protocols or through other studies.

Hematoma expansion is a significant factor contributing to unfavorable outcomes in traumatic brain injury
(TBI). Even minor changes in hematoma volume can lead to functional impairment*. Over the years, models
have been proposed to predict acute tICH expansion, with recent improvements. In a retrospective cohort
study involving 468 cases, a predictive model was developed to anticipate hematoma progression after TBI,
using admission indicators such as age, brain contusion, midline shift>5 mm, platelet count, prothrombin
time, D-dimers, glucose, and this model shows a good performance in discrimination (C statistic =0.864)°.
Another retrospective analysis of 107 patients with tICH also created a model to predict hematoma progression
by incorporating variables such as age, multiple traumatic intraparenchymal hematoma, SDH, injury severity
score, INR, and initial hematoma volume. By incorporating radiomic scores into the model with a machine
learning algorithm, the model demonstrated excellent predictive performance (AUC=0.83)C.

In the present study, we developed a model to predict acute tICH expansion using patient blood indicators,
imaging data, demographic characteristics, and clinical variables. Univariate regression analysis showed that
variables, such as age, hypertension, contusion location, IVH, SAH, coagulation dysfunction, PT, APTT,
and INR, are associated with acute tICH expansion. However, multivariate regression did not confirm these
associations and, therefore, are not entered into the modified model/nomogram interpretation. The modified
model shows good discriminatory power (AUC =0.858) and generates a user-friendly nomogram with variables
such as SDH, multihematoma fuzzy sign, baseline CT time, MLR, and serum calcium level. The Glasgow Coma
Scale level, a baseline tICH volume >5 ml, and platelet count were not included in the modified model because
they did not contribute significantly to predictive performance. The discriminatory power of this nomogram was
further validated in different subgroups. In addition, the modified nomogram is based on easily available clinical
variables and non-enhanced CT images that can be easily replicated in other trauma centers. More importantly,
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Fig. 6. Online dynamic nomogram uploading Shinyapps. IO platform to predict tICH expansion (https://dzzh
uang.shinyapps.io/tich_expansion/).

the nomogram in this study can generate an online calculator through the shinyapps.io platform. Clinicians only
need to enter the patient’s data into the corresponding data frame, and the probability of tICH occurrence will be
calculated automatically. Doctors do not need to manually calculate the scores of each factor on the nomogram,
which greatly improves the efficiency of doctors and the accuracy of results, and is more convenient for clinical
promotion.

The management and treatment of hemorrhagic brain contusion is highly individualized. The present study
includes a large sample size from multiple centers, external validation design, well-characterized patients with
brain contusion, and quantitatively measured pathological and clinical variables to provide a solid foundation
for reliable and robust predictive models. Low-risk patients can benefit from avoiding unnecessary intensive
monitoring and overtreatment. High-risk patients can benefit from the use of safe and cost-effective treatments,
including discontinuation of medications such as anticoagulants and antiplatelet agents®*!, removal of
hematomas or decompression to reduce intracranial pressure®?, and strict blood pressure control to reduce the risk
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of further bleeding™. The targeted involvement of latent or other coagulation disorders has prompted attempts
to reverse such coagulation disorders, using agents such as recombinant factor VIIa. However, the efficacy of
recombinant factor VIla is controversial®*, and Zaaroor et al. suggest that hemostatic therapy after traumatic
brain injury may be beneficial for specific subgroups of patients®. Factor VIIa is the second component along
with tissue factor that rapidly accelerates blood clotting through an exogenous pathway. Calcium is required for
this response, which proceeds by activating factor X to form factor Xa*®. Serum calcium levels are associated
with increased hematoma, and attention to serum calcium levels may also provide some reference for the use of
recombinant factor VIIa.

In the future, a multicenter prospective controlled study is warranted to explore the causal relationship
among hypocalcemia, MLR, and tICH. Secondly, appropriate animal experiments can be designed to verify the
possible mechanism of low calcium promoting tICH through immune cells proposed in this study.

Limitations

The current study has several limitations as follows. First, we used a retrospective design and some patients
were not included in our dataset due to various missing clinical data, so this study is subject to selection and
information bias inherent in its design. Although this study used multivariate logistic regression analysis to
control for confounders, stratified and propensity analyses may be more effective for controlling for confounders
and could be used in subsequent studies. Second, ionized calcium or corrected calcium is a better indicator
of biological function than serum calcium®’. However, there is a lack of data on ionized calcium. Given the
good correlation between serum calcium levels and ionized calcium levels, low serum calcium levels may
partially reflect abnormal biological function!>*%. Further, the hypothesis that low calcium levels mediate the
inflammatory response to promote hematoma enlargement, as suggested by the mediating effect analysis in
this study, requires further design of clinical studies or experimental validation. Finally, the use of modified
nomograms in clinical decision-making should be approached with caution, as it is not intended to replace a
surgeonss clinical assessment of the patient but rather serves as a supplementary tool to aid the surgeon in their
evaluation.

Conclusion

Low serum calcium level at admission is associated with acute tICH expansion. The mediator MLR (an index of
immune cells’ response) explains 24.4% of the effect of low serum calcium level on acute tICH expansion. The
modified nomogram provides an accessible tool to support the individualized treatment and management of
patients with hemorrhagic brain contusion.

Data availability
The data that support the findings of this study are available on request fromthe corresponding author. The data
are not publicly available due to privacy orethical restrictions.
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