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Abstract: Background/Objectives: Cardiovascular diseases (CVDs) are the leading cause
of global mortality. Major adverse cardiovascular events (MACEs)—such as acute my-
ocardial infarction, stroke, and heart failure—are critical endpoints in the clinical research.
The existing research has shown metal ions are important regulators of cardiovascular
functioning, and defective metal handling may be associated with an increased risk of
CVD. This study examines the association of the plasma/serum levels of magnesium,
copper, and zinc with MACE incidence and the prevalence of circulatory system diseases,
by using electronic health records from a subset of the Scottish population. Methods: We
categorised individuals by high, low, or normal plasma/serum metal levels, and calculated
the percentage of those who subsequently developed a MACE, identified using related In-
ternational Classification of Diseases, 10th Revision codes from hospital admission records.
Logistic regression was employed to analyse the association between pre-event metal ion
levels and the development of specific circulatory system disease subgroups. Results: This
study found abnormal magnesium, high copper, and low zinc were associated with a
higher risk of developing MACEs. Low magnesium, high copper, or low zinc were asso-
ciated with increased risks of various circulatory diseases, with specific variations, like
low copper increasing venous and lymphatic disease risk. Conclusions: Our findings
suggest abnormal plasma metal profiles are associated with the development of MACEs
and circulatory disease events, underscoring the importance of monitoring plasma metal
levels for cardiovascular risk management and prevention.

Keywords: plasma magnesium; plasma copper; plasma zinc; major adverse cardiovascular
events; health records

1. Introduction
Cardiovascular diseases (CVDs) are the predominant cause of global mortality. Based

on the data from the World Health Organisation (WHO), around 17.9 million people
globally died from CVDs in 2019, which contributes to 32% of all global deaths [1]. In the
Lancet’s Global Burden of Disease in 2021 [2], cardiovascular diseases (heart disease and
stroke) represent two of the top-five global disease causes of death. Metal ions are crucial
for numerous processes linked to both cardiac and vascular functioning, and disrupted
metal ion homeostasis thus has the potential to contribute to the development of CVD [3].
For example, Mg2+ is vital in regulating cardiovascular functioning and the maintenance
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of blood pressure through the control of cellular membrane potential; it helps to activate
Na+, K+-ATPase and counteracts some of the effects of Ca2+ [4,5]. Mg2+ is known to
have anti-inflammatory and antioxidant properties, which may improve lipid metabolism
and reduce atherosclerosis risk [5,6]. Copper (Cu+/2+ ions) serves as a cofactor for many
enzymes, facilitating oxidation-reduction reactions [7]. Adequate copper levels are vital
for cardiac mitochondrial function and energy production, supporting normal cardiac
functioning [8]. However, excess copper has been associated with oxidative stress, impaired
lipid metabolism, and cell death, contributing to the progression of CVD [9]. Similarly,
Zn2+ plays an essential role in cardiovascular health through its influence on haemostasis,
oxidative stress, inflammation, and Ca2+ homeostasis, with its transporters playing key
roles in the maintenance of cellular Zn2+ balance, impacting on heart function and vascular
integrity [10–12]. An adequate balance of these key nutrients over the life course is thus
essential for minimising CVD risk.

In clinical research, the incidence of major adverse cardiovascular events (MACEs)
has increasingly become a critical primary endpoint [13–15]. This study aims to examine
potential associations between abnormal plasma levels of zinc, copper, and magnesium
and future MACEs, including examining specific subgroups of circulatory system diseases.
We interrogated electronic health records (EHRs) from the National Health Service (NHS)
Tayside and Fife Health Boards in Scotland, UK, utilising a comprehensive set of Interna-
tional Classification of Diseases, 10th Revision (ICD-10) codes to identify future MACEs in
our patient cohort. Through this approach, we aim to provide a more precise assessment of
CVD risk and offer insights for targeted public health and clinical interventions.

2. Materials and Methods
2.1. Data Source

This study utilised EHRs from the NHS, covering the Tayside and Fife regions in
Scotland, which together encompass approximately 20% of the Scottish population [16].
The data were hosted by The Health Informatics Centre (HIC) at the University of Dundee,
Dundee, UK and were provided in an anonymised form. The datasets were accessed within
a Safe Haven environment and processed using R studio (2022.02.1). All data exported
from Safe Haven were reviewed and approved for disclosure control.

The datasets employed in this research encompassed a variety of clinical records,
including Scottish Morbidity Records (SMRs) from “Outpatients” (SMR00), “Hospital
Admissions” (SMR01), “Psychiatric” (SMR04), “Cancer Register” (SMR06), and “Accident
and Emergency” (AE). Additionally, this study utilised the “Biochemistry laboratory”
dataset and the “Demography” record. These datasets were extracted in 2022, covered the
years 2000 to 2021, and were linked through the Community Health Index (CHI) numbers,
a unique identifier for every patient registered with a general practitioner in Scotland. To
ensure privacy, the CHI was transformed into a project-specific pseudo-identifier.

2.2. Overall Populations and MACE Patient Identification

The study population comprised individuals aged between 18 to 100 years, divided
into the following age groups: 18–19, 20–29, 30–39, 40–49, 50–59, 60–69, 70–79, 80–89,
and 90+ years. Patient demographics were studied to identify the numbers of male and
female participants. To identify patients who experienced a MACE, a group of ICD-10
codes, “I00–I78”, “G45”, “G451–G454”, “G458”, “G459”, and “G460–G468”, were used [17],
as shown in Table 1. An appearance of any of these codes in a patient’s linked records
categorised them as a MACE patient. The time of each patient’s initial MACE was also
recorded using the date from the relevant record.
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Table 1. ICD-10 codes and corresponding disease types defined as MACE endpoints in this study, as
taken from the references [17,18].

ICD-10 Code Disease Category

I00–I02 Acute rheumatic fever
I05–I09 Chronic rheumatic heart diseases
I10–I15 Hypertensive diseases
I20–I25 Ischaemic heart diseases
I26–I28 Pulmonary heart disease and diseases of pulmonary circulation
I30–I52 Other forms of heart disease
I60–I69 Cerebrovascular diseases
I70–I78 Diseases of arteries, arterioles, and capillaries
G45.0 Vertebro-basilar artery syndrome
G45.1 Carotid artery syndrome (hemispheric)
G45.2 Multiple and bilateral precerebral artery syndromes
G45.3 Amaurosis fugax
G45.4 Transient global amnesia
G45.8 Other transient cerebral ischaemic attacks and related syndromes
G45.9 Transient cerebral ischaemic attack, unspecified
G46.0 Middle cerebral artery syndrome
G46.1 Anterior cerebral artery syndrome
G46.2 Posterior cerebral artery syndrome
G46.3 Brain stem stroke syndrome
G46.4 Cerebellar stroke syndrome

2.3. Analysis of Plasma/Serum Magnesium, Copper, and Zinc Concentration Data in
MACE Patients

The plasma/serum concentrations of zinc, copper, and magnesium from test records
were extracted from the “Biochemistry” dataset. Only laboratory records from patients
recorded prior to their first documented MACE were selected. For each MACE patient, the
most recent pre-MACE test records were identified for each test of interest. For the control
group, which consisted of individuals with biochemical test records but without MACEs,
only the most recent test records were considered.

The concentration of the given metal in each biochemical test result was classified
as “high”, “normal”, or “low” based on the reference intervals provided in the records.
In cases where reference intervals were not available, the most-reported high and low
thresholds in the dataset were used. For copper, the most-reported high threshold was
>22 µmol/L, and the low threshold was <10 µmol/L. For zinc, the high threshold was
>18 µmol/L, and the low threshold was <10 µmol/L. For magnesium, the most-reported
high threshold is >1 mmol/L, and the low threshold was <0.7 mmol/L.

The distribution of control and MACE patients within the “high”, “normal”, and “low”
categories for each biochemical test was quantified. The chi-squared test was used to assess
significance by comparing the percentages of MACE patients across different metal-status
categories (high or low, against the normal levels). Note that all p-values are presented at
nominal values.

2.4. Analysis of Plasma/Serum Magnesium, Copper, and Zinc Concentration Data in
MACE Patients

The ICD–10 codes “I00–I02”, “I05–I09”, “I10–I15”, “I20–I25”, “I26–I28”, “I30–I52”,
“I60–I69”, “I70–I79”, “I80–I89”, and “I95–I99” were used to classify patients into specific
subgroups of circulatory system diseases within the dataset. For each code group, a
separate patient list was generated, including the onset date for each disease subgroup.
Individuals with magnesium, copper, and zinc test records were categorised as either
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patients or controls based on their inclusion in the respective patient list. For patients, only
test records obtained prior to disease onset were included in the analysis.

Plasma or serum metal concentrations in the records were classified as “high”, “nor-
mal”, or “low”, using the method described in Section 2.3. A logistic regression model was
employed to evaluate the relationship between the dependent variable (patient’s status:
patient vs. control) and the independent variable (magnesium, copper, and zinc status).
The reference level for patients’ status was set to “control”, and the reference level for
magnesium, copper, and zinc status was set to “normal.” The model was fitted using the
generalised linear model (glm) function in R studio (2022.02.1), with a binomial family
and a logit link function. Odds ratios (ORs) were calculated by exponentiating the model
coefficients (expcoef). The 95% confidence intervals (CIs) for the OR were calculated using
Equations (1) and (2):

CIlow = exp (E − 1.96 × SE) (1)

CIupper = exp (E + 1.96 × SE) (2)

In each equation, E is the estimated coefficient and SE is its standard error.

3. Results
3.1. Magnesium, Copper, and Zinc Status in MACE Patients and Control Groups

Firstly, the overall population was characterised, and individuals who experienced
MACEs were identified in the dataset. As summarised in Figure 1, the dataset includes
978,759 individuals aged between 18 and 100 years, of whom 176,350 experienced a MACE.
Specifically, among the 498,136 females, 17.6% (87,720) developed a MACE, while 18.4%
(88,630) of the 480,623 males were affected.
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Figure 1. MACE patient demographics, including age and sex. The plot was generated using the
ggplot2 package in RStudio (version 2023.06).

To assess the association between metal levels and the risk of developing a MACE, the
proportion of MACE patients within each metal concentration group was calculated. This
analysis was based on the most recent pre-MACE metal measurements for MACE patients
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and the latest available metal-level records for the control group. Figure 2 illustrates the
distribution of control and MACE patient groups across different magnesium, copper, and
zinc status levels (high, normal, and low).
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Figure 2. Distribution of MACE patients in high, normal, and low groups for (A) magnesium,
(B) copper, and (C) zinc data. Statistical significance was assessed using the chi-squared test. For
MACE patients, the most recent plasma test results prior to the event were used, while for the control
group, the most recent available test records were employed. Detailed numerical data are presented
in Table 2. **** p < 0.001, * p < 0.05, and ns denotes “not significant”.

Table 2. Sample sizes of MACE patients and controls within the magnesium, copper, and zinc test
groups. **** p < 0.0001, and * p < 0.05.

Magnesium

Status High Normal Low
Total number 4164 104,818 15,704

Group MACE
patients Control MACE

patients Control MACE
patients Control

Number 1223 2941 113,886 410,181 5455 10,249
Percentages 29.4% 70.6% 27.9% 72.1% 34.7% 65.3%

p-value High vs. Normal; p < 0.0001 **** Normal vs. Low; p < 0.0001 ****

Copper

Status High Normal Low
Total number 568 3361 101

Group MACE
patients Control MACE

patients Control MACE
patients Control

Number 103 465 492 2869 10 91
Percentages 18.1% 81.9% 14.6% 85.4% 9.9% 90.1%

p-value High vs. Normal; p = 0.0316 * Normal vs. Low; p = 0.1828

Zinc

Status High Normal Low
Total number 64 1893 404

Group MACE
patients Control MACE

patients Control MACE
patients Control

Number 6 58 164 1729 73 331
Percentages 9.4% 90.6% 8.7% 91.3% 18.1% 81.9%

p-value High vs. Normal; p = 0.8424 Normal vs. Low; p < 0.0001 ****

For magnesium, the proportion of MACE patients was 29.4% in the high group and
27.9% in the normal group, rising to 34.7% in the low group. The chi-square test indicated
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statistically significant differences in the prevalence of MACE patients when comparing
high versus normal magnesium levels, with a p-value < 0.0001. Similarly, the comparison
of low vs. normal magnesium levels revealed a p-value < 0.0001, showing elevated MACE
rates in both low- and high-magnesium groups relative to the normal range (Table 2).
These findings highlight a significant association between magnesium levels and the risk
of MACEs, underscoring the potential health implications of abnormal plasma magnesium
concentration. Regarding copper status, MACE patients were most prevalent in the high
group (18.1%), followed by the normal (14.6%) and low (9.9%) groups. The chi-squared
test indicated a significant p-value of 0.0316 when comparing the high group against the
normal group, suggesting that elevated copper levels may be associated with an increased
risk of MACEs. For zinc status, the proportion of MACE patients was 9.4% in the high
group and 8.7% in the normal group. However, this percentage was 18.1% in the low group.
The chi-squared test comparing numbers of MACE patients in low and normal groups
yielded a p-value of <0.0001, suggesting a statistically significant association between low
zinc levels and an increased risk of MACEs.

3.2. Logistic Regression Analysis of Magnesium, Copper, and Zinc Status Prior to the Development
of Circulatory System Diseases

Logistic regression models were employed to further investigate the association be-
tween plasma metal levels and the development of individual circulatory system diseases.
These models were designed to analyse how pre-onset levels of magnesium, copper, and
zinc in the circulation correlated with the development of each specific subgroup of circula-
tory system disease.

The relationship between pre-onset magnesium levels and the development of circula-
tory diseases presented complex patterns (Table 3; Figure 3). In cases of chronic rheumatic
heart diseases (I05–I09), high magnesium levels were associated with an increased risk
(OR = 1.17, 95% CI: 1.09 to 1.26), whereas low magnesium levels corresponded with reduced
risk (OR = 0.82, 95% CI: 0.78 to 0.85), both findings being statistically significant. In contrast,
for cerebrovascular diseases (I60–I69), higher pre-onset magnesium levels were linked to a
reduced risk (OR = 0.96, 95% CI: 0.93 to 0.99), while lower levels indicated an increased
risk (OR = 1.07, 95% CI: 1.05 to 1.09), again both statistically significant.
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Figure 3. Effects of (A) high and (B) low magnesium levels on disease occurrence relative to normal
levels. Plain regression models were used to analyse the test records for patients and controls.
For patients, magnesium test records prior to disease onset were used. The names of the disease
classifications are provided in an abbreviated form but correspond to those (based on ICD-10 code)
presented in Tables 3–5. Error bars in (A,B) represent 95% confidence intervals.
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Table 3. Effects of high and low magnesium levels on disease occurrence against normal levels. The
odds ratios (ORs) and 95% confidence intervals (CIs) for high or low levels relative to normal levels
are presented. *** p < 0.001, ** p < 0.01, and * p < 0.05.

ICD-10 Codes Diseases of the Circulatory
System

OR for High
Magnesium

95%CI for
High

Magnesium

OR for Low
Magnesium

95%CI for
Low

Magnesium

I00–I02 Acute rheumatic fever 1.70 [0.77, 3.73] 0.27 ** [0.11, 0.68]

I05–I09 Chronic rheumatic heart
diseases 1.17 *** [1.09, 1.26] 0.82 *** [0.78, 0.85]

I10–I15 Hypertensive diseases 0.99 [0.96, 1.02] 1.07 *** [1.05, 1.08]
I20–I25 Ischaemic heart diseases 0.97 * [0.93, 1.00] 0.93 *** [0.91, 0.94]

I26–I28
Pulmonary heart disease

and diseases of pulmonary
circulation

0.94 ** [0.90, 0.98] 0.96 *** [0.94, 0.98]

I30–I52 Other forms of heart disease 1.10 *** [1.07, 1.13] 1.03 *** [1.02, 1.05]
I60–I69 Cerebrovascular diseases 0.96 * [0.93, 0.99] 1.07 *** [1.05, 1.09]

I70–I79 Diseases of arteries,
arterioles and capillaries 1.06 ** [1.02, 1.11] 1.10 *** [1.08, 1.12]

I80–I89
Diseases of veins, lymphatic

vessels and lymph nodes,
not elsewhere classified

0.94 [0.90, 0.98] 1.22 *** [1.19, 1.25]

I95–I99 Other unspecified disorders
of the circulatory system 1.04 * [1.00, 1.07] 1.21 *** [1.19, 1.23]

Table 4. Effects of high and low copper levels on disease occurrence against normal levels. The odds
ratios (ORs) and 95% confidence intervals (CIs) for high or low levels relative to normal levels are
presented. *** p < 0.001, ** p < 0.01, and * p < 0.05.

ICD-10 Codes Diseases of the Circulatory
System

OR for High
Copper

95%CI for
High Copper

OR for Low
Copper

95%CI for
Low Copper

I00–I02 Acute rheumatic fever No data available

I05–I09 Chronic rheumatic heart
diseases 2.26 * [1.07, 4.76] 1.03 [0.14, 7.99]

I10–I15 Hypertensive diseases 1.78 *** [1.40, 2.26] 0.51 [0.24, 1.10]
I20–I25 Ischaemic heart diseases 1.64 ** [1.19, 2.25] 0.26 [0.06, 1.06]

I26–I28
Pulmonary heart disease

and diseases of pulmonary
circulation

1.52 [0.96, 2.41] 0.58 [0.14, 2.36]

I30–I52 Other forms of heart disease 1.37 [1.07, 1.76] 1.21 [0.73, 2.00]
I60–I69 Cerebrovascular diseases 1.62 ** [1.17, 2.23] 0.28 [0.07, 1.13]

I70–I79 Diseases of arteries,
arterioles and capillaries 1.48 * [1.01, 2.16] 0.75 [0.27, 2.04]

I80–I89
Diseases of veins, lymphatic

vessels and lymph nodes,
not elsewhere classified

1.37 [0.98, 1.91] 2.64 *** [1.59, 4.38]

I95–I99 Other unspecified disorders
of the circulatory system 1.20 [0.90, 1.59] 1.19 [0.67, 2.11]

In ischaemic (I20–I25) and pulmonary (I26–I28) heart diseases, both high and low mag-
nesium levels were associated with decreased risk, with odds ratios of 0.97 (95% CI: 0.93–
1.00) and 0.93 (95% CI: 0.91–0.94) for high and low levels in ischaemic diseases, respectively,
and 0.94 (95% CI: 0.90–0.98) and 0.96 (95% CI: 0.94–0.98) for pulmonary diseases, respec-
tively. Conversely, in peripheral arterial diseases (I70–I79) and other unspecified disorders
of the circulatory system (I95–I99), increased risks were observed with odds ratios of
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1.06 (95% CI: 1.02–1.11) for high magnesium levels and 1.10 (95% CI: 1.08–1.12) for low
magnesium levels in peripheral arterial diseases, and 1.04 (95% CI: 1.00–1.07) for high
magnesium levels and 1.21 (95% CI: 1.19–1.23) for low magnesium levels in other cardiovas-
cular conditions. Additionally, a low magnesium level was associated with a significantly
reduced risk of acute rheumatic fever (I00–I02) with an OR of 0.27 (95% CI: 0.11–0.68). In
contrast, low magnesium led to a significant increase in the risk of hypertension (I10–I15)
and venous and lymphatic diseases (I80–I89) with ORs of 1.07 (95% CI: 1.05–1.08) and 1.22
(95% CI: 1.19–1.25), respectively.

Table 5. Effects of high and low zinc levels on disease occurrence against normal levels. The odds
ratios (ORs) and 95% confidence intervals (CIs) for high or low levels relative to normal levels are
presented. *** p < 0.001, ** p < 0.01, and * p < 0.05.

ICD-10 Codes Diseases of the Circulatory
System

OR for High
Zinc

95%CI for
High Zinc

OR for Low
Zinc

95%CI for
Low Zinc

I00–I02 Acute rheumatic fever No data available

I05–I09 Chronic rheumatic heart
diseases 1.77 [0.22, 14.05] 1.45 [0.49, 4.35]

I10–I15 Hypertensive diseases 0.66 [0.29, 1.51] 1.38 * [1.02, 1.87]
I20–I25 Ischaemic heart diseases 1.14 [0.41, 3.17] 2.28 *** [1.53, 3.40]

I26–I28
Pulmonary heart disease

and diseases of pulmonary
circulation

2.68 [0.92, 7.81] 1.77 [0.94, 3.35]

I30–I52 Other forms of heart disease 1.26 [0.61, 2.64] 2.58 *** [1.94, 3.43]
I60–I69 Cerebrovascular diseases 0.37 [0.05, 2.73] 2.93 *** [1.91, 4.48]

I70–I79 Diseases of arteries,
arterioles and capillaries 2.23 [0.94, 5.29] 1.82 * [1.14, 2.90]

I80–I89
Diseases of veins, lymphatic

vessels and lymph nodes,
not elsewhere classified

2.41 [0.93, 6.26] 3.84 *** [2.44, 6.04]

I95–I99 Other unspecified disorders
of the circulatory system 2.93 ** [1.52, 5.67] 3.00 *** [2.11, 4.27]

Elevated copper levels were associated with an increased risk of several circulatory
conditions (Table 4; Figure 4). Specifically, the OR indicated a more than two-fold risk
of developing chronic rheumatic diseases (I05–I09, OR = 2.26, 95% CI: 1.07–4.76) and a
significant association with hypertension (I10–I15, OR = 1.78, 95% CI: 1.4–2.26), ischaemic
heart diseases (I20–I25, OR = 1.64, 95% CI: 1.19–2.25), other forms of heart disease (I30–I52,
OR = 1.37, 95% CI: 1.07–1.76), cerebrovascular diseases (I60–I69, OR = 1.62, 95% CI: 1.17–
2.23), and peripheral arterial diseases (I70–I79, OR = 1.48, 95% CI: 1.01–2.16). In contrast,
a low copper status significantly heightened the risk for venous and lymphatic diseases
(I80–I89, OR = 2.64, 95% CI: 1.59–4.38), as reflected by the reported OR values.

A high zinc level prior to disease onset was only found to be significantly and pos-
itively associated with the incidence of “other unspecified disorders of the circulatory
system” (I95–I99, OR = 2.93, 95%CI: 1.52–5.67; Table 5; Figure 5), while a low zinc level
was linked to the progression of a broader range of conditions, including hypertensive
diseases (I10–I15, OR = 1.38, 95%CI: 1.02–1.87), ischaemic heart diseases (I20–I25, OR = 2.28,
95% CI: 1.53–3.40), other forms of heart disease (I30–I52, OR = 2.58, 95%CI: 1.94–3.43),
cerebrovascular disease (I60–I69, OR = 2.93, 95%CI: 1.91–4.48), peripheral arterial disease
(I70–I79, OR = 1.82, 95%CI: 2.44–6.04), venous and lymphatic disease (I80–I89, OR = 3.84,
95%CI = 2.44–6.04), and other unspecified disorders of the circulatory system (I95–I99,
OR = 3.00, 95% CI: 2.11–4.27).
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4. Discussion
This study provides a detailed analysis of the associations between plasma levels of

magnesium, copper, and zinc and the occurrence of MACEs and circulatory system diseases
using the EHRs of a well-defined Scottish population. Both high and low magnesium levels
are associated with an increased risk of developing MACEs, compared to normal levels.
Although it is important to note that the difference between high and normal magnesium
levels was statistically significant, it was relatively modest (cf. 29.4% vs. 27.9%). Similarly,
individuals with high copper and low zinc levels had a higher risk of developing MACEs.
Additionally, we examined specific subtypes of circulatory diseases (I00–I99), allowing for
a more nuanced understanding of disease-specific risks. Specifically, for circulatory system
diseases, our findings suggest that low magnesium, high copper, and low zinc prior to
the disease onset are generally associated with an increased risk across most conditions,
with specific variations, like low copper, increasing venous and lymphatic disease risk.
The use of standardised plasma/serum measurements enhances data reliability, and the
findings have potential implications for early disease risk stratification and public health
interventions. Nevertheless, our study has limitations, such as relying solely on the latest
recorded metal measurement before disease onset for the MACE study. Moreover, all
p-values are presented at the nominal values and no adjustments for multiple testing
were made. Additionally, in the logistic regression model analysis, the unadjusted models
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may be influenced by unknown confounders, such as sex, age, and socioeconomic status.
Although individual dietary habits were not recorded, the population studied is generally
representative of a Western dietary pattern [19]. However, due to regulatory mechanisms
of absorption and excretion [20], dietary intake does not always directly reflect plasma
concentrations, which are more reliable indicators of physiological status [21]. In addition,
it is known that diet strongly influences gut microbiota [22], which in turn can influence
metal homeostasis in the body, including the metals examined in this study [23–25]. This is
interesting as the microbiome is a potential target for nutraceutical agents, which may lead
to improvements in metal handling [26].

Our findings reveal a complex relationship between magnesium levels and cardiovas-
cular conditions, demonstrating that low magnesium generally correlates with increased
disease risk. This aligns with the existing research, which suggests that magnesium de-
ficiency may contribute to vascular stiffness, oxidative stress, and arrhythmias, thereby
increasing cardiovascular disease risk. For instance, a cross-sectional study by Tan et al.,
involving 9708 participants, found that higher magnesium depletion scores were associated
with an elevated risk of hypertension [27]. Additionally, a systematic review and meta-
analysis reported that lower dietary magnesium intake is linked to an increased stroke risk,
underscoring the critical role of adequate magnesium consumption in CVD prevention [28].

Interestingly, our results also highlight a protective effect of low magnesium levels in
specific conditions, such as ischaemic and pulmonary heart diseases, with both low and
high magnesium levels associated with a reduced risk in these diseases. Furthermore, high
magnesium levels were protective against cerebrovascular diseases (I60–I69). Given that
only 1% of the body’s magnesium is present in plasma [4], moderate deficiency may trigger
compensatory responses, such as enhanced magnesium retention in tissues and bones [29],
potentially explaining the observed protective effects at lower levels. Conversely, high levels
of magnesium might exert protective effects through vasodilatory, anti-inflammatory, and
neuroprotective properties [30–32], which could be particularly relevant in ischaemic and
cerebrovascular conditions. These findings highlight the nuanced impact of magnesium on
cardiovascular health and suggest that both deficiency and excess might influence disease
risk differently across specific conditions. Further research is needed to explore whether
targeted magnesium interventions can provide clinical benefits.

From our results, high copper levels are associated with increased risks of MACEs
and multiple circulatory conditions. These are consistent with the existing studies, which
suggest that excessive plasma copper levels may contribute to cardiovascular pathologies
through mechanisms such as increased oxidative stress, lipid peroxidation, and inflam-
matory responses [9]. Furthermore, the epidemiological evidence suggests that elevated
circulating copper levels are significantly associated with an increased risk of stroke, coro-
nary artery disease mortality, cardiovascular mortality, and all-cause mortality, with most
associations showing moderate certainty of evidence [33].

The findings also suggest that low copper levels, rather than high copper levels, are
significantly associated with an increased risk of developing venous and lymphatic diseases
(I80–I89). Copper plays a crucial role in maintaining the structural integrity of the heart and
blood vessel walls by supporting the activity of the copper-dependent enzyme lysine oxi-
dase, which facilitates the cross-linking of elastin and collagen [34]. Consequently, copper
deficiency may lead to weakened vessel walls and subsequently to vascular dysfunction.
Beyond its structural role, copper is also essential for both innate and adaptive immunity.
Copper deficiency alters immune cell activity and composition and disrupts the production
and secretion of immunoreactive substances. This includes a reduction in neutrophil count
and the downregulation of cytokine IL-2 secretion by T cells [35]. Additionally, copper
deficiency impairs lymphatic cholesterol transport and peripheral lipolysis of chylomicrons
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in rats, potentially leading to lymphatic dysfunction and congestion [36]. These disrup-
tions can further contribute to lipid accumulation, vascular inflammation, and endothelial
dysfunction [37]. Together, these mechanisms likely underlie the increased risk of venous
and lymphatic diseases observed in individuals with low copper levels, highlighting the
importance of adequate copper intake for vascular and immune health.

Consistent with the previous studies, our findings demonstrate that low zinc levels
are associated with increased risks of MACEs and multiple cardiovascular conditions.
Zinc plays a crucial role in regulating vascular tone, endothelial function, oxidative stress,
blood pressure, and lipid metabolism. A deficiency in zinc has been linked to endothelial
dysfunction, increased inflammation, arterial stiffness, atherosclerosis, and thrombotic
risk [10,38,39]. These mechanisms provide a plausible explanation for the broad association
between low zinc levels and various cardiovascular conditions. A meta-analysis of 27 case–
control studies found that low serum zinc levels were associated with a higher risk of
heart failure, suggesting that maintaining adequate zinc levels may be cardioprotective [40].
Another meta-analysis of 13 studies (2886 subjects) found that patients with myocardial
infarction (MI) had significantly lower zinc levels in serum and hair compared to healthy
controls. This association was stronger in Asian populations than European populations,
and both men and women with MI had lower zinc levels [41].

Notably, our results suggest that a high zinc level is associated with an increased risk
of other cardiovascular diseases (I95–I99). Some evidence suggests that excessive zinc
intake may disrupt copper metabolism [42] and alter oxidative stress pathways, leading to
reduced nitric oxide (NO) bioavailability [43], which in turn may contribute to vascular
dysfunction. To our knowledge, no direct evidence currently establishes a causal relation-
ship between zinc levels and specific diseases within the other and unspecified disorders
of the circulatory system (I95–I99) category. Hypotension remains an underexplored area
in the zinc research. One study reported a negative correlation between serum zinc and
diastolic blood pressure [44], suggesting a potential role of zinc in blood pressure regu-
lation. However, as this study primarily focused on hypertension, the effects of zinc on
hypotension remain largely unknown. Future research should aim to elucidate the role of
zinc in influencing vascular tone and circulatory homeostasis.

The potential clinical applications of our findings include considering plasma magne-
sium, copper, and zinc levels as potential risk factors for CVD, facilitating early screening
and target monitoring for high-risk individuals. It is possible that both high and low
plasma magnesium levels are protective, although a causative association between these
and CVD risk cannot be concluded from our data. Were causative relationships to be
established through further studies, then personalised nutritional and supplementation
strategies should consider individual conditions and disease-specific factors to optimise
essential metal balance and reduce CVD risk through tailored dietary adjustments and
supplementation.

5. Conclusions
The findings detailed in this study highlight a significant association between imbal-

ances in magnesium, copper, and zinc levels and an increased risk of MACEs and diseases
of the circulatory system. Generally, low magnesium, high copper, and low zinc levels were
linked to a higher risk across most conditions examined. Also notably, low magnesium
appeared to have a potential protective effect for certain conditions, including acute and
chronic rheumatic diseases, ischaemic diseases, and pulmonary heart diseases. Low copper
levels were associated with an elevated risk of venous and lymphatic diseases, while both
high and low zinc levels correlated with an increased risk of other unspecified circulatory
disorders. These results provide valuable insights into the intricate relationship between
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trace metal homeostasis and cardiovascular health within a Scottish population. They also
underscore the importance of targeted monitoring and potential interventions to mitigate
CVD risk.

Author Contributions: Conceptualisation, R.F., S.M., A.J.S. and C.M.; methodology, R.F., S.M., C.M.
and A.J.S.; formal analysis, B.L. and R.A.; data curation, B.L. and C.M.; writing—original draft
preparation, B.L., R.F. and A.J.S.; writing—review and editing, all authors; supervision, R.F., S.M.,
A.J.S. and C.M. All authors have read and agreed to the published version of the manuscript.

Funding: We are grateful to the School of Medicine, University of St Andrews for supporting B.L.
as part of a PhD scholarship. Access to the data used in this study was provided by the Health
Informatics Centre at the University of Dundee from project funding awarded by NIHR (grant ref:
NIHR202632).

Institutional Review Board Statement: This study was conducted in accordance with the Declara-
tion of Helsinki. This study is part of the project: OPTIMising therapies, discovering therapeutic
targets, and AI-assisted clinical management for patients living with complex multimorbidity (OPTI-
MAL study). This project received ethical approval from the School of Medicine Ethics Committee,
University of St Andrews, on 19 April 2022 (reference number: MD16159).

Informed Consent Statement: The study data used was accessed in an anonymised form. Therefore,
obtaining consent from individual patients was not required.

Data Availability Statement: The original contributions presented in this study are included in the
article material. Further inquiries can be directed to the corresponding authors. The original patient
data used in the study are available via application to the Health Informatics Centre at the University
of Dundee, UK.

Acknowledgments: We are grateful to Muhammad Usman for his assistance with the extraction
and analysis of the data. We acknowledge the support of the Health Informatics Centre, University
of Dundee for managing and supplying the anonymised data and NHS Tayside and Fife for the
original data source. This work is independent research partly funded by the National Institute for
Health and Care Research (NIHR, Artificial Intelligence for Multiple Long-Term Conditions (AIM),
OPTIMising therapies, disease trajectories, and AI assisted clinical management for patients Living
with complex multimorbidity (OPTIMAL study), grant ref: NIHR202632). The views expressed in
this publication are those of the author(s) and not necessarily those of the NHS, the National Institute
for Health and Care Research, or The Department of Health and Social Care.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

CHI Community health index
CI Confidence interval
CVD Cardiovascular disease
EHRs Electronic health records
glm Generalised linear model
HIC Health Informatics Centre
ICD-10 International Classification of Diseases, 10th Revision
MACEs Major adverse cardiovascular events
MI Myocardial infarction
NHS National Health Service
OR Odds ratio
PROCHI Pseudo-CHI
SMRs Scottish morbidity records
WHO World Health Organisation



Nutrients 2025, 17, 1447 13 of 14

References
1. WHO. Cardiovascular Diseases. Available online: https://www.who.int/news-room/fact-sheets/detail/cardiovascular-

diseases-(cvds) (accessed on 7 March 2025).
2. GBD. Global incidence, prevalence, years lived with disability (YLDs), disability-adjusted life-years (DALYs), and healthy life

expectancy (HALE) for 371 diseases and injuries in 204 countries and territories and 811 subnational locations, 1990–2021: A
systematic analysis for the Global Burden of Disease Study 2021. Lancet 2024, 403, 2133–2161. [CrossRef]

3. Hong, X.; Tian, G.; Zhu, Y.; Ren, T. Exogeneous metal ions as therapeutic agents in cardiovascular disease and their delivery
strategies. Regen. Biomater. 2023, 11, rbad103. [CrossRef]

4. DiNicolantonio, J.J.; Liu, J.; O’Keefe, J.H. Magnesium for the prevention and treatment of cardiovascular disease. Open Heart 2018,
5, e000775. [CrossRef] [PubMed]

5. Fritzen, R.; Davies, A.; Veenhuizen, M.; Campbell, M.; Pitt, S.J.; Ajjan, R.A.; Stewart, A.J. Magnesium deficiency and car-
diometabolic disease. Nutrients 2023, 15, 2355. [CrossRef] [PubMed]

6. Nielsen, F.H. The role of dietary magnesium in cardiovascular disease. Nutrients 2024, 16, 4223. [CrossRef]
7. Klevay, L.M. Cardiovascular disease from copper deficiency—A history. J. Nutr. 2000, 130, 489S–492S. [CrossRef]
8. Chen, L.; Min, J.; Wang, F. Copper homeostasis and cuproptosis in health and disease. Signal Transduct. Target. Ther. 2022, 7, 378.

[CrossRef]
9. Chen, X.; Cai, Q.; Liang, R.; Zhang, D.; Liu, X.; Zhang, M.; Xiong, Y.; Xu, M.; Liu, Q.; Li, P.; et al. Copper homeostasis and

copper-induced cell death in the pathogenesis of cardiovascular disease and therapeutic strategies. Cell Death Dis. 2023, 14, 105.
[CrossRef]

10. Vu, T.; Fredenburgh, J.; Weitz, J. Zinc: An important cofactor in haemostasis and thrombosis. Thromb. Haemost. 2013, 109, 421–430.
[CrossRef]

11. Guo, D.; Du, Y.; Wu, Q.; Jiang, W.; Bi, H. Disrupted calcium homeostasis is involved in elevated zinc ion-induced photoreceptor
cell death. Arch. Biochem. Biophys. 2014, 560, 44–51. [CrossRef]

12. Choi, S.; Liu, X.; Pan, Z. Zinc deficiency and cellular oxidative stress: Prognostic implications in cardiovascular diseases. Acta
Pharmacol. Sin. 2018, 39, 1120–1132. [CrossRef] [PubMed]

13. Sharma, A.; Pagidipati, N.J.; Califf, R.M.; McGuire, D.K.; Green, J.B.; Demets, D.; George, J.T.; Gerstein, H.C.; Hobbs, T.; Holman,
R.R.; et al. Impact of regulatory guidance on evaluating cardiovascular risk of new Glucose-Lowering therapies to treat Type 2
diabetes mellitus. Circulation 2020, 141, 843–862. [CrossRef]

14. Marx, N.; McGuire, D.K.; Perkovic, V.; Woerle, H.-J.; Broedl, U.C.; Von Eynatten, M.; George, J.T.; Rosenstock, J. Composite
primary end points in cardiovascular outcomes trials involving Type 2 diabetes patients: Should unstable angina be included in
the primary end point? Diabetes Care 2017, 40, 1144–1151. [CrossRef]

15. Bosco, E.; Hsueh, L.; McConeghy, K.W.; Gravenstein, S.; Saade, E. Major adverse cardiovascular event definitions used in
observational analysis of administrative databases: A systematic review. BMC Med. Res. Methodol. 2021, 21, 241. [CrossRef]

16. HIC. Data service at HIC. University of Dundee, UK. Available online: https://www.dundee.ac.uk/hic/data-service (accessed
on 7 March 2025).

17. McQueenie, R.; Nicholl, B.I.; Jani, B.D.; Canning, J.; Macdonald, S.; McCowan, C.; Neary, J.; Browne, S.; Mair, F.S.; Siebert,
S. Patterns of multimorbidity and their effects on adverse outcomes in rheumatoid arthritis: A study of 5658 UK Biobank
participants. BMJ Open 2020, 10, e038829. [CrossRef]

18. WHO. International Statistical Classification of Diseases and Related Health Problems, 10th Revision, 2019 Edition. Available
online: https://icd.who.int/browse10/2019/en (accessed on 7 March 2025).

19. Public Health England. National Diet and Nutrition Survey: Results from Years 9 to 11 (2016/2017 to 2018/2019); Department of
Health and Social Care: London, UK, 2020. Available online: https://www.gov.uk/government/statistics/ndns-results-from-
years-9-to-11-2016-to-2017-and-2018-to-2019 (accessed on 9 April 2025).

20. Goff, J.P. Invited review: Mineral absorption mechanisms, mineral interactions that affect acid–base and antioxidant status, and
diet considerations to improve mineral status. J. Dairy Sci. 2018, 101, 2763–2813. [CrossRef] [PubMed]

21. Yin, X.-C.; Wang, W.-F.; Li, Z.-M.; Duan, Y.-J.; Chen, M.; Wu, Y.-N.; Hu, Y.-M. The Relationship between Dietary Patterns and
Blood Mineral Concentration among Children in Hunan Province of China. BMC Public Health 2023, 23, 1518. [CrossRef]

22. Asnicar, F.; Berry, S.E.; Valdes, A.M.; Nguyen, L.H.; Piccinno, G.; Drew, D.A.; Leeming, E.R.; Gibson, R.; Le Roy, C.; Khatib, H.A.;
et al. Microbiome Connections with Host Metabolism and Habitual Diet from 1,098 Deeply Phenotyped Individuals. Nat. Med.
2021, 27, 321–332. [CrossRef] [PubMed]

23. Zhu, Q.; Chen, B.; Zhang, F.; Zhang, B.; Guo, Y.; Pang, M.; Huang, L.; Wang, T. Toxic and Essential Metals: Metabolic Interactions
with the Gut Microbiota and Health Implications. Front. Nutr. 2024, 11, 1448388. [CrossRef]

24. Pajarillo, E.A.B.; Lee, E.; Kang, D.-K. Trace Metals and Animal Health: Interplay of the Gut Microbiota with Iron, Manganese,
Zinc, and Copper. Anim. Nutr. 2021, 7, 750–761. [CrossRef]

https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://doi.org/10.1016/s0140-6736(24)00757-8
https://doi.org/10.1093/rb/rbad103
https://doi.org/10.1136/openhrt-2018-000775
https://www.ncbi.nlm.nih.gov/pubmed/30018772
https://doi.org/10.3390/nu15102355
https://www.ncbi.nlm.nih.gov/pubmed/37242238
https://doi.org/10.3390/nu16234223
https://doi.org/10.1093/jn/130.2.489S
https://doi.org/10.1038/s41392-022-01229-y
https://doi.org/10.1038/s41419-023-05639-w
https://doi.org/10.1160/TH12-07-0465
https://doi.org/10.1016/j.abb.2014.07.014
https://doi.org/10.1038/aps.2018.25
https://www.ncbi.nlm.nih.gov/pubmed/29926844
https://doi.org/10.1161/CIRCULATIONAHA.119.041022
https://doi.org/10.2337/dc17-0068
https://doi.org/10.1186/s12874-021-01440-5
https://www.dundee.ac.uk/hic/data-service
https://doi.org/10.1136/bmjopen-2020-038829
https://icd.who.int/browse10/2019/en
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019
https://doi.org/10.3168/jds.2017-13112
https://www.ncbi.nlm.nih.gov/pubmed/29397180
https://doi.org/10.1186/s12889-023-16429-6
https://doi.org/10.1038/s41591-020-01183-8
https://www.ncbi.nlm.nih.gov/pubmed/33432175
https://doi.org/10.3389/fnut.2024.1448388
https://doi.org/10.1016/j.aninu.2021.03.005


Nutrients 2025, 17, 1447 14 of 14

25. Del Chierico, F.; Trapani, V.; Petito, V.; Reddel, S.; Pietropaolo, G.; Graziani, C.; Masi, L.; Gasbarrini, A.; Putignani, L.; Scaldaferri,
F.; et al. Dietary Magnesium Alleviates Experimental Murine Colitis through Modulation of Gut Microbiota. Nutrients 2021, 13,
4188. [CrossRef]

26. Kumar, R.; Grover, S.; Batish, V.K. Nutraceuticals and Gut Microbiota: Understanding the Connection for Improved Health.
Trends Food Sci. Technol. 2020, 102, 555–566. [CrossRef]

27. Tan, M.-Y.; Mo, C.-Y.; Zhao, Q. The association between magnesium depletion score and hypertension in US adults: Evidence
from the national Health and nutrition examination survey (2007–2018). Biol. Trace Elem. Res. 2023, 202, 4418–4430. [CrossRef]
[PubMed]

28. Zhao, B.; Hu, L.; Dong, Y.; Xu, J.; Wei, Y.; Yu, D.; Xu, J.; Zhang, W. The effect of magnesium intake on stroke incidence: A
systematic review and meta-analysis with trial sequential analysis. Front. Neurol. 2019, 10, 852. [CrossRef]

29. DiNicolantonio, J.J.; O’Keefe, J.H.; Wilson, W. Subclinical magnesium deficiency: A principal driver of cardiovascular disease and
a public health crisis. Open Heart 2018, 5, e000668. [CrossRef] [PubMed]

30. Murata, T.; Dietrich, H.H.; Horiuchi, T.; Hongo, K.; Dacey, R.G. Mechanisms of magnesium-induced vasodilation in cerebral
penetrating arterioles. Neurosci. Res. 2015, 107, 57–62. [CrossRef] [PubMed]

31. Hu, T.; Xu, H.; Wang, C.; Qin, H.; An, Z. Magnesium enhances the chondrogenic differentiation of mesenchymal stem cells by
inhibiting activated macrophage-induced inflammation. Sci. Rep. 2018, 8, 3406. [CrossRef]

32. Song, B.; Jiang, M.; Zhang, Y.; Xu, Y.; Wu, C.; Wu, D.; Zhou, C.; Li, M.; Ji, X. Research hotpots and frontier trends of neuroprotective
effects of magnesium from 1999 to 2023: A bibliometric analysis. CNS Neurosci. Ther. 2024, 30, e14597. [CrossRef]

33. Zhao, H.; Mei, K.; Hu, Q.; Wu, Y.; Xu, Y.; Qinling, N.; Yu, P.; Deng, Y.; Zhu, W.; Yan, Z.; et al. Circulating copper levels and the
risk of cardio-cerebrovascular diseases and cardiovascular and all-cause mortality: A systematic review and meta-analysis of
longitudinal studies. Environ. Pollut. 2023, 340, 122711. [CrossRef]

34. Schuschke, D.A. Dietary copper in the physiology of the microcirculation. J. Nutr. 1997, 127, 2274–2281. [CrossRef]
35. Cheng, F.; Peng, G.; Lu, Y.; Wang, K.; Ju, Q.; Ju, Y.; Ouyang, M. Relationship between copper and immunity: The potential role of

copper in tumor immunity. Front. Oncol. 2022, 12, 1019153. [CrossRef] [PubMed]
36. Koo, S.I.; Lee, C.C.; Norvell, J.E. Effect of copper deficiency on the lymphatic absorption of cholesterol, plasma chylomicron

clearance, and postheparin lipase activities. Exp. Biol. Med. 1988, 188, 410–419. [CrossRef]
37. DiNicolantonio, J.J.; Mangan, D.; O’Keefe, J.H. Copper deficiency may be a leading cause of ischaemic heart disease. Open Heart

2018, 5, e000784. [CrossRef] [PubMed]
38. Zhu, D.; Su, Y.; Zheng, Y.; Fu, B.; Tang, L.; Qin, Y.-X. Zinc regulates vascular endothelial cell activity through zinc-sensing receptor

ZnR/GPR39. Am. J. Physiol. Cell Physiol. 2017, 314, C404–C414. [CrossRef]
39. Betrie, A.H.; Brock, J.A.; Harraz, O.F.; Bush, A.I.; He, G.-W.; Nelson, M.T.; Angus, J.A.; Wright, C.E.; Ayton, S. Zinc drives

vasorelaxation by acting in sensory nerves, endothelium and smooth muscle. Nat. Commun. 2021, 12, 3296. [CrossRef] [PubMed]
40. Yu, X.; Huang, L.; Zhao, J.; Wang, Z.; Yao, W.; Wu, X.; Huang, J.; Bian, B. The relationship between serum zinc level and heart

failure: A meta-analysis. BioMed. Res. Int. 2018, 2018, 1–9. [CrossRef]
41. Tanita, A.; Namiuchi, S.; Onodera, K.; Sunamura, S.; Ogata, T.; Noda, K.; Takii, T. Serum zinc concentration in patients with

myocardial infarction: A retrospective study. BMC Cardiovasc. Disord. 2024, 24, 107. [CrossRef]
42. Munk, D.E.; Laursen, T.L.; Kirk, F.T.; Vilstrup, H.; Ala, A.; Gormsen, L.C.; Ott, P.; Sandahl, T.D. Effect of oral zinc regimens on

human hepatic copper content: A randomized intervention study. Sci. Rep. 2022, 12, 14714. [CrossRef]
43. Lee, S.R. Critical role of zinc as either an antioxidant or a prooxidant in cellular systems. Oxid. Med. Cell Longev. 2018, 2018, 11.

[CrossRef]
44. Tubek, S. Correlations between serum zinc concentrations and oxygen balance parameters in patients with primary arterial

hypertension. Biol. Trace Elem. Res. 2007, 115, 213–222. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/nu13124188
https://doi.org/10.1016/j.tifs.2020.06.007
https://doi.org/10.1007/s12011-023-04034-y
https://www.ncbi.nlm.nih.gov/pubmed/38147232
https://doi.org/10.3389/fneur.2019.00852
https://doi.org/10.1136/openhrt-2017-000668
https://www.ncbi.nlm.nih.gov/pubmed/29387426
https://doi.org/10.1016/j.neures.2015.12.005
https://www.ncbi.nlm.nih.gov/pubmed/26712324
https://doi.org/10.1038/s41598-018-21783-2
https://doi.org/10.1111/cns.14597
https://doi.org/10.1016/j.envpol.2023.122711
https://doi.org/10.1093/jn/127.12.2274
https://doi.org/10.3389/fonc.2022.1019153
https://www.ncbi.nlm.nih.gov/pubmed/36419894
https://doi.org/10.3181/00379727-188-42753
https://doi.org/10.1136/openhrt-2018-000784
https://www.ncbi.nlm.nih.gov/pubmed/30364437
https://doi.org/10.1152/ajpcell.00279.2017
https://doi.org/10.1038/s41467-021-23198-6
https://www.ncbi.nlm.nih.gov/pubmed/34075043
https://doi.org/10.1155/2018/2739014
https://doi.org/10.1186/s12872-024-03776-4
https://doi.org/10.1038/s41598-022-18872-8
https://doi.org/10.1155/2018/9156285
https://doi.org/10.1007/BF02685996

	Introduction 
	Materials and Methods 
	Data Source 
	Overall Populations and MACE Patient Identification 
	Analysis of Plasma/Serum Magnesium, Copper, and Zinc Concentration Data in MACE Patients 
	Analysis of Plasma/Serum Magnesium, Copper, and Zinc Concentration Data in MACE Patients 

	Results 
	Magnesium, Copper, and Zinc Status in MACE Patients and Control Groups 
	Logistic Regression Analysis of Magnesium, Copper, and Zinc Status Prior to the Development of Circulatory System Diseases 

	Discussion 
	Conclusions 
	References

