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Objective: The escalating prevalence of chronic pain poses a substantial socio-economic burden. Chronic pain primarily stems from musculoskeletal and nervous system impairments. Given cadmium's known toxicity to these systems, our study sought to investigate the correlation between blood cadmium levels and chronic pain.

Methods: The cross-sectional study was conducted from the National Health and Nutrition Examination Survey (NHANES, 1999–2004), and comprised US adults who participated in a chronic pain interview. We employed logistic regression models and smooth curve fitting to elucidate the relationship between blood cadmium levels and chronic pain.

Results: Our findings revealed a linear association between blood cadmium levels and chronic pain. Compared to the lower blood cadmium tertile 1 (<0.3 ug/dL), the adjusted odds ratios (ORs) for tertile 2 (0.3–0.4 ug/dL), and tertile 3 (≥0.5 ug/dL), were 1.11 (0.96–1.29) and 1.2 (1.03–1.39), respectively. Sensitivity analyses corroborated these results.

Conclusion: Elevated levels of blood cadmium are associated with a heightened risk of chronic pain among adults in the United States. Mitigating cadmium exposure could potentially decrease the risk of chronic pain, thereby enhancing strategies for chronic pain prevention and management.
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1 Introduction

Chronic pain is a pervasive, complex, and often debilitating condition that is increasing in prevalence worldwide, resulting in significant economic and social consequences (1). While it is frequently a sequela of injury or disease, it is also recognized as a distinct condition in its own right, not simply a symptom of other diseases (2). Chronic pain is characterized as a persistent discomfort that surpasses the typical duration of tissue healing. According to the International Association for the Study of Pain, this period is generally considered to exceed 3 months, particularly in the absence of other contributing factors (3). Numerous risk factors are implicated in the onset of chronic pain, encompassing a broad spectrum of domains such as sociodemographic characteristics, psychological conditions, clinical manifestations, and biological attributes (4–12). A thorough understanding of these risk factors can help guide specific prevention and management strategies.

Cadmium is a well-known hazardous pollutant that is widely distributed in the environment (13). Exposure to cadmium in the environment poses a range of public health issues. In the general population, cadmium is commonly absorbed through inhalation of cigarette smoke particles or ingestion of contaminated food, such as shellfish, offal, and vegetables (14). According to previous research, cadmium can be harmful to both the musculoskeletal and neurological systems (15–18), potentially leading to chronic pain (19). Cadmium poisoning is known to cause femoral and lumbar pain initially, followed by the spread of pain to other parts of the body (14). Itai-itai disease represents an extreme manifestation of chronic cadmium toxicity (20) with back pain as a distinguishing symptom (21).

As far as we understand, no existing studies have delved into the association between chronic pain and exposure to cadmium. Consequently, we aim to utilize data from the National Health and Nutrition Examination Survey (NHANES) to conduct an in-depth investigation into the relationship between blood cadmium levels and the incidence of chronic pain among adults in the United States. Our research hypothesis posits that individuals with higher blood cadmium levels are more susceptible to chronic pain.



2 Materials and methods


2.1 Study population

The study population for this research was derived from the National Health and Nutrition Examination Survey (NHANES), a comprehensive study conducted by the National Center for Health Statistics (NCHS) of the Centers for Disease Control and Prevention (CDC). The NHANES database includes in-person interviews, laboratory tests, and clinical evaluations. Data from three consecutive NHANES survey cycles (1999–2000, 2001–2002, 2003–2004) that included both chronic pain assessment and blood cadmium level data were selected for this study.



2.2 Chronic pain assessment

The assessment of chronic pain was conducted for all participants aged 20 years and above through a series of interview questions. Participants who reported experiencing pain persisting for 3 months or more were classified under the chronic pain category, while the remainder were categorized as non-chronic pain sufferers.



2.3 Measurement of blood cadmium levels

For the years 1999–2002, an atomic absorption spectrometer was utilized for the quantification of blood cadmium levels. In contrast, for the years 2003–2004, inductively coupled plasma mass spectrometry was employed.



2.4 Other variables

The study analyzed several demographic factors, including age, sex, race, marital status, body mass index (BMI), poverty income ratio (PIR), and education level. Alcohol consumption was assessed by asking participants about their frequency of drinking over the previous 12 months. Smoking status was determined based on whether an individual had consumed a minimum of 100 cigarettes throughout their lifetime (22). Physical activity was divided into four categories: mainly sitting, walking around, light physical activity, and heavy physical activity. Data on cotinine levels, blood lead levels, arthritis, cancer or malignancy, coronary heart disease, and osteoporosis were available and can be accessed at http://www.cdc.gov/nchs/nhanes/. Determining if someone has diabetes involves three criteria: (1) the person reports having the condition or is taking medication for it; (2) their blood sugar level after fasting is at least 7.0 mmol/L; and (3) their HbA1c level is at least 6.5% (23). To determine if someone has hypertension, two criteria are used: (1) the person reports having the condition or is taking medication for it, and (2) the average of three systolic blood pressure readings is at least 140 mmHg or the average of three diastolic blood pressure readings is at least 90 mmHg (24).



2.5 Statistical analysis

Continuous data were presented either as mean ± standard deviation or median (Q1–Q3) values. A P-value of <0.05 was considered statistically significant (two-tailed). All data analyses were performed using the statistical software packages R 3.3.2 and Free Statistics software version 1.7.1 (25).

The relationship between blood cadmium and chronic pain was investigated using logistic regression models. Blood cadmium levels (ug/dL) were divided into three tertiles (<0.3, 0.3–0.4, and ≥0.5) to evaluate their impact. Three models were constructed: an unadjusted model, a model adjusted for demographic factors, and a model adjusted for demographic factors + alcohol consumption, body mass index, physical activity, cotinine, blood lead, and comorbidities. These potential confounders were determined based on previous studies or the results of univariate logistic regression analyses. Subgroup analyses and smooth curve fitting were performed in this study. Sensitivity analysis was conducted using complete cases. Multiple imputations (5 replications) were used to address missing data.




3 Results


3.1 Baseline characteristics

In this study, 31,126 potential participants were initially identified, but only 13,485 adults aged 20 years and above were included. Figure 1 presents the exclusion criteria for the study. Table 1 displays the characteristics of participants, categorized by their blood cadmium level. The findings suggest a higher propensity for chronic pain among individuals with elevated blood cadmium concentrations.
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FIGURE 1
 The study flowchart.



TABLE 1 Participants characteristics.
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3.2 Relationship between blood cadmium and chronic pain

Univariate analysis (Supplementary Table 1) revealed that several factors, including age, sex, BMI, education level, race, alcohol consumption, smoking status, physical activity, and comorbidities, such as arthritis, diabetes, coronary heart disease, cancer or malignancy, hypertension, and osteoporosis, were related to chronic pain.

To evaluate the association between blood cadmium and chronic pain, multivariable logistic regression analyses were performed. The results showed that blood cadmium was positively related to chronic pain, even after adjusting for potential covariates (Table 2, Model 1, OR: 1.28 [1.18–1.38], P < 0.001; Model 2, OR: 1.1 [1.03–1.23], P = 0.01).


TABLE 2 Association of blood cadmium with chronic pain.
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When blood cadmium was analyzed in terms of tertiles, the association between blood cadmium and chronic pain was robust. The adjusted ORs for tertile 2 (0.3–0.4 ug/dL), and tertile 3 (≥0.5 ug/dL) were 1.11 (0.96–1.29) and 1.2 (1.03–1.39), respectively, compared with the lowest blood cadmium tertile 1 (<0.3 ug/dL) (Table 2, Model 2). Furthermore, the smooth curve analysis revealed a linear relationship between blood cadmium and chronic pain after adjusting for Model 2 (Figure 2, only 97.5% of the data is shown).


[image: Figure 2]
FIGURE 2
 Association between blood cadmium with chronic pain. Adjusted for age, sex, marital status, poverty income ratio, race, education level, body mass index, alcohol consumption, physical activity, osteoporosis, diabetes, hypertension, cancer or malignancy, arthritis, coronary heart disease, cotinine, and blood lead. Only 97.5% of the data is shown.




3.3 Sensitivity analysis

Stratified analyses were performed to examine potential modifiers in the relationship between blood cadmium levels and chronic pain. Upon stratification by factors such as sex, age (<65 and ≥65 years), BMI (<25 and ≥25 kg/m2), physical activity, education level, and comorbidities (as depicted in Figure 3). However, considering multiple testing, the P-values for the interaction in hypertension (P = 0.02) and diabetes (P = 0.046) subgroups may not reach statistical significance.
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FIGURE 3
 Subgroup analysis of the blood cadmium and chronic pain. Each stratification factor was adjusted for age, sex, poverty income ratio, marital status, race, education level, body mass index, alcohol consumption, physical activity, osteoporosis, diabetes, hypertension, cancer or malignancy, arthritis, coronary heart disease, cotinine, and blood lead.


Finally, the sensitivity analysis confirmed the linear association between blood cadmium and chronic pain even after excluding those with missing data (Supplementary Table 2).




4 Discussion

The objective of this investigation was to elucidate the relationship between blood cadmium levels and chronic pain within the adult population of the United States, utilizing the nationally representative NHANES database. Our findings revealed a positive correlation between elevated blood cadmium levels and the prevalence of chronic pain. This association remained consistent across various subgroups and sensitivity analyses, thereby underscoring the robustness of the relationship between blood cadmium concentrations and chronic pain.

Previous studies on blood cadmium did not focus on chronic pain as a disease in its own right, but rather as a comorbidity of other diseases. However, chronic pain should be considered a healthcare issue and recognized as a disease in its own right (26). Cadmium can cause various diseases accompanied by chronic pain, such as Itai-itai disease, which results from long-term exposure to cadmium-contaminated rice fields. Patients experience a gradual extension of back and hip pain to the rest of the body, which persists for several years (17). Chronic pain is also accompanied by long-term back pain, and cadmium has been significantly associated with arthritis and rheumatoid arthritis in NHANES data (27). However, large cohort studies are still required to supplement the evidence of the relationship between blood cadmium and chronic pain.

While the mechanism underlying the relationship between blood cadmium and chronic pain is not fully understood, it can be explained by cadmium's toxic effects on the skeletal and nervous systems. Cadmium exerts an inhibitory effect on bone formation and stimulates bone resorption, influencing the functional activity of osteoblasts and osteoclasts. It also substitutes calcium in hydroxyapatite crystals, which leads to disorders in calcium metabolism, bone osteoporosis, osteomalacia, and demineralization. Consequently, this results in chronic pain localized in the limbs, pelvis, and spine (28–31). Cadmium has been observed to instigate oxidative stress, augmenting H2O2 levels within bone structures, while concurrently diminishing the concentrations of glutathione peroxidase and catalase (32). Furthermore, it stimulates the generation of inflammatory mediators, known as cytokines, within the immune system, leading to significant pain (33). Moreover, cadmium serves as a potent neurotoxic agent, inflicting adverse effects on the peripheral nervous system (34), which leads to oxidative stress (35, 36) and neurogenic damage resulting in neuronal cell death (37). Nerve damage is a major cause of neuropathic pain (19).

Reducing cadmium exposure may help reduce the risk of chronic pain, but it is not easy to achieve. Occupational and environmental exposure to cadmium primarily originates from industrial activities such as battery production, metallurgy, plastic manufacturing, pigments, mining, chemical stabilizers, and metal coatings, as well as contaminated farmland and food (38). Tobacco smoke contains cadmium, which further increases human exposure to cadmium (39). Moreover, cadmium is characterized by an extended biological half-life and a sluggish elimination rate within the human organism, leading to its persistent accumulation (40). Reducing smoking and exposure to secondhand smoke are individual choices that can help reduce cadmium exposure. Identifying food contamination levels and suspected areas and considering public education and awareness programs for cadmium poisoning prevention are also recommended (14).

However, this study has several limitations. Firstly, the pain data in the NHANES database is self-reported through questionnaire surveys, which may be subject to recall bias. However, trained interviewers were used to collect the data, and these methods have been validated and consistent over many years of data collection (41). Secondly, the NHANES database only collected pain data from 1999 to 2004, and there were no more detailed pain data, such as measurements of pain intensity and functional interference. This hinders our ability to examine the intricate details of pain in correlation with blood cadmium levels. Furthermore, the NHANES dataset is collected from the U.S. population, which may lead to regional bias. Finally, retrospective studies have inherent limitations such as missing data for some variables. Nevertheless, multiple imputations were performed and the results were stable. Multivariate logistic regression and subgroup analysis were conducted to reduce residual confounding effects from unknown factors.
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cigarettes in life, n (%)
Alcohol consumption, 1.0(0.0,3.0) 2.0(1.0,3.0) 1.0 (0.0, 2.0) 1.0 (0.0, 3.0) <0.001
drink
Physical activities, 1 (%) <0.001

Mainly sit 3,460 (25.7) 735 (23.2) 1,035 (24.7) 1,690 (27.6)

Walk around 7,097 (52.6) 1,614 (50.9) 2,300 (54.8) 3,183 (52.1)

Light load 2,045 (15.2) 583 (18.4) 630 (15) 832 (13.6)

Heavy load 883 (6.5) 242 (7.6) 232(5.5) 409 (6.7)
Blood lead, ug/dL 17(1.1,2.7) 1.3(0.8,1.9) 1.6(1.1,2.4) 22(1.4,3.3) <0.001
Cotinine, ng/mL 0.1(0.0, 12.9) 0.0(0.0,0.2) 0.0(0.0,0.2) 1.2 (0.0, 188.0) <0.001
Blood cadmium, ug/dL 0.4(0.3,0.7) 0.2(02,0.2) 0.4 (0.3,0.4) 0.7 (0.5, 1.0) <0.001
Arthritis, n (%) 3,458 (25.6) 553 (17.4) 1,039 (24.8) 1,866 (30.5) <0.001
Coronary heart disease, 603 (4.5) 85(2.7) 179 (4.3) 339 (5.5) <0.001
n (%)
Cancer or malignancy, 1,142 (8.5) 157 (4.9) 336 (8) 649 (10.6) <0.001
(%)
Osteoporosis, 11 (%) 742 (5.5) 91(2.9) 221(5.3) 430 (7) <0.001
Hypertension, 1 (%) 5,296 (39.3) 952 (30) 1,598 (38.1) 2,746 (44.9) <0.001
Diabetes, 1 (%) 1,773 (13.1) 380 (12) 554 (13.2) 839 (13.7) 0.06

Data are shown as mean = SD, median (IQR), or 7 (%). Q, quartile; BMI, body mass index; PIR, poverty income ratio.
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