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Objective: Chronic inorganic arsenic exposure and loss of muscle mass are both public health problems affecting millions of individuals in the US. This study aims to explore the relationship between the two.Iva Miljkovic, MD, PhD

EXAMINING THE EFFECT OF INORGANIC ARSENIC EXPOSURE ON LEAN MASS USING THE NATIONAL HEALTH AND NUTRITION SURVEY

Mikaela Kosich, MPH
University of Pittsburgh, 2018


Methods: The association between inorganic arsenic exposure and appendicular lean mass (ALM) was assessed via the 2005-2006 NHANES data on 1007 adults. Arsenic exposure was assessed via urinary laboratory measurements. ALM was measured via dual-energy X-ray absorptiometry (DXA). All models were adjusted for participant age, race/ethnicity, height, and gender.
Results: We conducted a comparison between the quartiles of arsenic exposure. No significant association was found in non-adjusted analyses or after adjusting for age, race/ethnicity, height, and gender. However, there after additionally adding creatinine to the model there was  a marginal significant difference in ALM between the lowest and highest quartiles of arsenic exposure (p=0.0539).
Conclusions: The association between inorganic arsenic exposure and ALM seem to be greatly affected by inclusion of a creatinine. While no statistically significant results were achieved, there are interesting trends that invite further exploration. 
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[bookmark: _Toc106513527][bookmark: _Toc106717785][bookmark: _Toc532467853]Introduction
The World Health Organization lists arsenic in the top ten chemicals of major public health concern due to its worldwide prevalence and potential for large-scale negative human health effects.1  The majority of these exposures occur through contaminated drinking water, although exposure may also occur from food, and especially rice, consumption. Over 200 million individuals across the globe are at risk of disease, morbidity, and mortality related to arsenic exposure.2 A recent report estimated that in Pakistan alone, over 60 million individuals regularly consume drinking water which contains arsenic over the WHO recommended safe limit of 10 µg/L.3 In the United States, it is estimated that over 3.7 million individuals drink water from wells that exceed this standard for arsenic contamination. While municipal water supplies have reduced their levels of contamination since the adoption of the 10 µg/L standard by the EPA in 2001, private water supplies and foodborne exposure remain significant public health concerns.
[bookmark: _Toc532467854]Health Consequences of Arsenic exposure
Inorganic arsenic has been used as an intentional poison for millennia, as it has no color, odor, or taste, and thus remained undetected by victims. It has been referred to as the “King of poisons and the poison of Kings.” The symptoms of acute arsenic poison mimic those of other illnesses that were common at the time, such as cholera, and thus the poisoning often went unrecognized. Interestingly, both this harmful inorganic arsenic and organic compounds containing arsenic, classed together as arsenicals, have also been used in medicine since the times of the ancient Chinese. In the early 1800s, arsenicals were used to treat a wide variety of conditions, from psoriasis to tuberculosis.4. Today, it is still used in rat poisons, pesticides and herbicides,5 as well as a frontline and adjuvant cancer chemotherapeutic.4
Inorganic arsenic exposure is associated with several negative health effects, making the widespread exposure a major public health concern.6 Human population studies and molecular analysis in animal models have linked early life arsenic exposure with a variety of cancers, including lung, liver, kidney, skin, and bladder cancers later in life.7 High (>100 µg/l in drinking water) arsenic exposure has been consistently found to be a risk factor for cardiovascular and metabolic diseases. A recent meta-analysis examined the dose-response relationship quantitatively and found increased pooled relative risks of cardiovascular disease and coronary heart disease between low-moderate and high levels (5-100 g/L) of drinking water arsenic.8 Animal and human studies have shown that arsenic exposure contributes to increased oxidative stress in cardiac and vascular tissues.9  Associations with inorganic arsenic exposure and respiratory problems have been found as well. In utero exposure is associated with increased frequency and severity of respiratory tract infections throughout the lifespan, and association later in life is correlated with decreased lung function.10 In addition, there is significant evidence linking inorganic arsenic exposure with diabetes. NHANES participants with diabetes were found to have 28% higher total arsenic concentrations11.
Previous epidemiological studies have found that muscle wasting, weakness, impaired gate, and sensorimotor deficits are associated with both acute and chronic arsenic exposure12. Parvez et. Al. found an inverse association between blood arsenic levels and motor and muscle function in 8-11 year old children13.  While the mechanism by which this occurs is still poorly understood.14  There is a great need to determine whether environmental factors, such as arsenic, cause disease or worsen disease outcomes by promoting muscle quality decline and loss of lean body mass.
[bookmark: _Toc532467855]Muscle Decline as a measure of disease risk
[bookmark: _Toc106513530][bookmark: _Toc106717788]Muscle mass and muscle quality declines are increasingly understood to be key players in loss of physical function with aging. Increasing life expectancy results in higher prevalence of age-related disorders, including loss of muscle mass.15 It is estimated that older adults lose between 0.4%-2.6% muscle mass annually.16 This decline in muscle mass can lead to lack of strength and power required to participate in daily life and lead to serious disability.17  A recent study linked declines in muscle mass to be a significant predictor for reduced quality of life due to reduced mobility.18
There is an ever increasing among of evidence that skeletal muscle decline is associated with mortality, particularly in the elderly.19 Multiple studies have found that type 2 diabetic patients experienced greater age-related muscle mass and strength declines than nondiabetic counterparts.20,21  Others have found that as strength and muscle mass decline, risk for insulin resistance and prediabetes increases.22,23 There is a growing body of evidence linking poor muscle quality with metabolic disorders, such as type 2 diabetes.24 In men without diabetes, muscle fat infiltration (myosteatosis) is associated with insulin resistance and excess insulin in the blood (hyperinsulinemia).25 As lean muscle is a major site of glucose storage and disposal, it makes sense that lean muscle may interact with the pancreas and regulate insulin secretion.26 

Changes to muscle quality can include myosteatosis, or infiltration of the muscle tissue by fat, which may be responsible for the negative outcomes seen with aging.  A recent study found a significant association between skeletal muscle density and all-cause mortality as well as cardiovascular mortality.27 A second study in men of African ancestry supports this, finding that all-cause mortality was significantly associated with greater intramuscular fat and lower muscular density, markers of myosteatosis.28 
 The overall mechanism between these associations is not well characterized. However, it has been shown that myosteatosis leads to activation of proteolytic systems, increasing inflammation and lipolysis, and decreasing myokine secretion and blood flow, leading to metabolic changes.29 Recent work has shown that in-utero arsenic exposure affects gene expression, including proinflammatory cytokine TNF-α.30 Given the known associations between diabetes and arsenic, and between diabetes and myosteatosis, as well as the lack of complete mechanistic understanding of either, it is logical to investigate the potential links between environmental arsenic exposure and muscle quality decline.
Currently, there is not a singular definition for muscle quality. Measures used in previous works have included functional tests that measure force production and body composition tests to measure, for example, proportional amounts of intramuscular fat. Imaging measures in research include MRI, CT and DXA, which are relatively inexpensive and non-invasive, but carry the serious limitation of being unable to directly measure lipid content within and around myocytes and muscle fibers.29 This is important since, as indicated above, increased myosteatosis is associated with cardiovascular and metabolic disease or worsened disease outcomes.  The growing realization of the importance of lean body mass and myosteatosis in disease risk has prompted calls for improved accessible and standardized clinical assessment of muscle mass and quality.14,29  Unfortunately, the data available for correlating muscle quality with environmental exposures were collected at times when non-standardized or poorly developed measures of muscle quality were made.  Thus, this study uses DXA measures of lean mass in participants in the National Health and Nutrition Examination Survey (NHANES), who also had measures of arsenic exposure, to begin to answer the question of whether environmental exposures contribute to disease by affecting muscle mass; and consequently, compromise muscle health and quality.
[bookmark: _Toc532467856]Methods
[bookmark: _Toc532467857]Study Population
	The human cohort used in this study was taken from the 2005-2006 NHANES data, which is conducted in 2 year cycles by the National Center for Health Statistics. NHANES uses a complex stratified four stage sampling design to reach a representative sample of non-institutionalized US civilians. General demographic data is collected via computer-assisted personal interviews. The 2005-2006 cycle includes over-samples of low-income individuals, African Americans, Mexican Americans, and those in the 12-19 and 60+ year age groups.31 The overall response rate in the 2005-2006 survey was 77%.32 For the purposes of this analysis, children and those who were missing arsenic or DXA measurements were excluded.
[bookmark: _Toc532467858]Urine Arsenical Measurements
Urinary speciated arsenicals were measured in a subsample of one third of the 2005-2006 NHANES study population, excluding those under 6 years old. Total urinary arsenic was determined via inductively coupled-plasma dynamic reaction cell-mass spectrometry (ICP-DRC-MS). The concentrations of speciated arsenicals were determined via high performance liquid chromatography (HPLC) coupled to an ICP-DRC-MS. Detection limits were 0.74 µg/L for total arsenic and 0.4 µg/L for arsenobetaine.33
Urinary total arsenic concentration is generally regarded as an insufficient marker of exposure to disease promoting arsenicals as a result of this measure including harmless arsenicals from seafood, such as arsenobetaine and arsenolipids.34   Therefore, NHANES reports the levels of these harmless arsenicals and arsenobetaine was subtracted from total urinary arsenic to account for harmless organic compounds often contained in fish, shellfish, and seaweed. A recent analysis of NHANES arsenical data found very little arsenocholine and trimethylarsine oxide. Thus, total arsenic minus arsenobetaine is approximately equal to the total inorganic arsenic (largely dimethylarsenic acid) in urine.35 Measures of other minor organic arsenic compounds that may result from complex metabolism of consumed seafood, such as arsenolipids and aresenosugars, were not available. Inorganic arsenic concentrations in urine have been found to correlate with arsenic exposure via drinking water.36,37 
Adjustment for urinary creatinine is often used to normalize to the dilution of the urine that varies with hydration.  However, creatinine levels are not independent of arsenic levels since they share the same one carbon metabolic pathways and recent work suggests that correcting for creatinine may produce misleading interpretation of the impact of arsenic health effects.38  In addition, creatinine levels are also linked to muscle mass changes and thus may complicate interpretation of muscle quality as well.39
[bookmark: _Toc532467859]DXA Lean Mass Measurements
Lean mass was measured using dual-energy X-ray absorptiometry (DXA) scans taken with a Hologic QDR-4500A fan-beam densitometer (Hologic, Inc, Bedford, Massachusetts) administered via Hologic Discovery v12.4 software at the NHANES mobile examination center. Participants were scanned with an x-ray source using a fan-beam scan geometry in three one minute long passes while positioned supine with feet held neutral and hands flat by their sides. Participants who self-reported pregnancy or had a positive pregnancy test, had used a radiographic contrast material in the past 7 days, weighed over 300lbs, or were over 6’5” were not scanned.40
As the QDR-4500A was found to underestimate fat mass and overestimate lean mass41 the NHANES DXA lean mass measurements were decreased by 5% and the equivalent weight in kilograms were added to fat mass, in order to maintain consistency in overall mass while accounting for this overestimation. NHANES DXA data was imputed via the IVEware software developed by the Survey Methodology Program at the University of Michigan’s Institute of Survey Research. Five complete records containing measured and/or imputed values were created for each participant, each with a different set of imputed data. If a participant had valid data for a given DXA variable, the value is the same for all 5 imputation versions.40
The DXA generated whole-body lean mass represents some parameters other than muscle, such as organ weight. For that reason, for the purposes of this study, we were interested in the appendicular lean mass (ALM). This was calculated as the sum of the lean mass, excluding bone mass, from the arms and legs42. 
[bookmark: _Toc532467860]Statistical analyses
All analyses were conducted using SAS 9.4. Due to the complex sampling scheme of NHANES, SAS survey procedures were used where appropriate. Multiple imputation analysis procedures were used to address the multiply imputed DXA measurements. 
Linear models were fit using SAS survey regression and analyzed using the multiple imputation function in order to account for the complex sampling scheme of NHANES and the imputation of missing DXA measurements. All models were adjusted for height, age, and gender, as they are known predictors of ALM. In arsenic research, it is common to adjust for creatinine in order to account for varying urine dilution. However, creatinine is also correlated with overall lean body mass. All models are presented both with and without adjustment for creatinine, as there is not a clear scientific consensus on whether this adjustment is appropriate due to its role in 1-carbon metabolism and correlations with overall muscle mass.39

[bookmark: _Toc532467861]Results
[bookmark: _Toc532468798][bookmark: _Hlk531251470]Table 1. Participant Characteristics
	
	Median (IQR)

	N
	1007

	Age (years)
	43.1 (31.5-53.3)

	Gender
	50.9% (509) male
49.1% (498) female

	Height (cm)
	169.2 (162.3-176.7)

	Appendicular Lean Mass (kg)
	22.5 (17.2-27.0)

	Total Arsenic (µg/L)
	9.0 (4.6-18.5)

	Inorganic Arsenic (µg/L)
	6.2 (3.1-11.0)



[bookmark: _Toc532467862]Descriptive analysis
To understand whether there is an association between urinary inorganic arsenic and appendicular lean mass, first the data was visual inspected in total via histogram. Then, the data was split into quartiles by inorganic arsenic exposure, in order to see if there was a difference between the trends. The histograms below show the distribution of appendicular lean mass.
[image: madreyni2 guayasamin]
[bookmark: _Toc532467873]Figure 1: Overall Distribution of Appendicular Lean Mass

The graph in Figure 1 shows the distribution of ALM across all exposure groups. However, graphing the population with arsenic exposure below the median (Figure 2, left) and the upper 50% (Figure 2, right) separately begins to suggest some differences. Of note, in the higher exposure group, we being to see a larger proportion of individuals with higher ALM (particularly over 22 kg).

[image: madreyni2 guayasamin]
[bookmark: _Toc532467874]Figure 2: Distribution of ALM (kg) for upper and lower 50% of inorganic arsenic exposure
When data is further broken down into exposure quartiles (Figure 3, below) the trend is amplified. We can see that there are no individuals in the first quartile who have ALK over 34kg, but multiple participants up to 40kg in the fourth quartile. 

[image: madreyni2 guayasamin]
[bookmark: _Toc532467875]Figure 3: Distribution of ALM by inorganic arsenic exposure quartiles


[bookmark: _Toc532467863]Linear Regression Analyses
[bookmark: _Toc532468799]Table 2: Continuous Linear Models
	
	Regression Coefficient (95% CI)
	Adjusted Mean ALM (kg)
	P value for regression coefficient

	Creatinine unadjusted
	0.0014
(-0.0093, 0.0122)
	23.04
	0.7931

	Creatinine Adjusted
	-0.0086 
(-0.0229, 0.0057)
	22.94
	0.2379




Since the frequency distributions suggested an increasing trend in ALM with arsenic exposure, a linear model was fit to attempt to quantify this relationship. This model was adjusted for age, gender, race/ethnicity, and height. While a 1 µg/L increase in urinary inorganic arsenic levels was associated with 4 gram increase in ALM in this model, the relationship was not statistically significant (p=0.5608). It is possible that a linear model may not be sufficiently complex to explain the relationship.
	Next, a comparison between the quartiles of arsenic exposure was conducted. No significant association was found. The regression coefficients representing the average kilogram change in ALM between quartile 1 and quartiles 2, 3, and 4 of inorganic arsenic exposure are listed in the table 3 below. We do see marginal significance between quartiles 1 and 4 in the creatinine adjusted models.
[bookmark: _Toc532468800]Table 3:  Linear Model of Quartiles
	
	
Regression Coefficients (p value)
	Creatinine adjusted
Regression Coefficients (p value)

	Q1 to Q2
	0.3462 (0.1371)
	-0.15341 (0.5898)

	Q1 to Q3
	0.6404 (0.2609)
	-0.2456 (0.5959)

	Q1 to Q4
	0.3371 (0.3731)
	-0.7757 (0.0539)


[bookmark: _Toc532468801]Table 4: Adjusted Means for Exposure Quartiles
	
	Adjusted Mean (kg)
	Adjusted Mean including creatinine (kg)

	Q1
	22.66
	23.27

	Q2
	23.01
	23.11

	Q3
	23.30
	23.02

	Q4
	23.00
	22.49




[bookmark: _Toc532467864]Discussion
This study is exploratory and novel, as the existing literature on the association between appendicular lean mass (or other markers of muscle mass/quality) and arsenic exposure is extremely limited.   The premise for studying this relationship; however, is highly significant since there is a growing realization that decline of muscle quality, loss of lean mass, and increases of myosteatosis are strong indicators risk for musculoskeletal, but also metabolic diseases such as diabetes and cardiovascular disease. The number of studies that investigate the role of any environmental contaminant in diminishing muscle mass and quality and increasing myosteatosis is negligible. While no statistically significant associations were found, this can be explained by inadequate sample sizes to detect small changes, especially given the high variability with higher exposures. However, upon visual inspection, it seems there is a trend of increasing appendicular lean mass with increasing inorganic arsenic exposure, indicating the potential for a protective effect of low level exposure. This preliminary assessment is surprising; although the limitations of the study suggest that more analyses are needed in larger cohorts with a greater range of arsenic exposures before conclusive interpretations can be made.
[bookmark: _Toc532467865]Limitations
As this study is preliminary, there are some significant limitations, particularly in the measurements of arsenic and the clinical assessment of muscle composition. Subtracting arsenobetaine from total urinary arsenic accounts for a large portion of the harmless organic arsenic.  However, those who have high levels of arsenobetaine have high intake of seafood that may have positive nutritional effects on ALM.  Re-evaluating the data focusing on the correlation between arsenobetaine and ALM may resolve this possibility. There is a substantial body of epidemiological studies that implicate the methylated organic arsenicals created from metabolism of ingested inorganic arsenic in significantly contributing to disease risk.4,34   The NHANES measure of speciated urinary arsenicals includes the monomethyl and dimethyl arsenic metabolites and it would be important to determine how the levels of these metabolites correlate to ALM, as their contributions would be masked by using total urinary arsenic as the exposure marker. Another limitation is that urine measurements from a single time point are not ideal to assess chronic exposure. In addition, the sampling design did not include a large number of individuals with high urinary inorganic arsenic, limiting power on the upper levels of exposure.
DXA measures are subject to error, as fat versus lean muscle composition can only ber assessed in pixels containing no bone. In those that do contain bone, DXA uses proprietary equations to infer the amount of fat based on the relative density. DXA quantifies fat, rather than adipose tissue. 80% of adipose tissue is composed of fat (ref).  On the other hand, fat can be distributed in tissue other than adipose tissue, such as muscle.43 Determining clinical markers of muscle quality is challenging given the new realization of the importance of both lean muscle mass and myosteatosis in disease promotion.14,29 There are a number of ways to measure muscle mass and quality, varying in both quality and expense. DXA measurements are limited as they measure tissue density and lean mass,  but fail to show intra and extra muscular fat content. 
In addition, it is common in arsenic research to adjust for urine creatinine to account for varying urine dilution. However, creatinine is highly correlated with lean body mass, which proves to be problematic here. In addition, without another marker to adjust for urine dilution, creatinine is also correlated with arsenic exposure. However, it is impossible to discern whether this correlation is simply due to hydration, or due to arsenic-induced changes in body mass that then cause changes in creatinine excretion. Without more information, it is difficult to discern whether the creatinine adjusted models are correct. As they have the opposite trend of the non-creatinine adjusted models, the answer to this question is critical to interpretation of results.39
[bookmark: _Toc532467866]Future work
[bookmark: _Toc106513533][bookmark: _Toc106717791]There are several opportunities for future work in this area. In particular, applications of more advanced statistical methods would be useful in understanding 
Repeat and further analyses on data from a study with a larger sample size and more clear clinical endpoints would be useful. In particular, this cohort would not only be larger in size, but have significantly more participants who have higher exposure levels. The vast majority of those sampled by NHANES had exposure levels that were quite low. The overlap between arsenic measurement collection and relevant DXA measurements in NHANES is limited to two cycles. A study which uses CT imaging to assess ALM would be a logical next step. In addition, adjustment for other analytes in urine should be considered. It is possible that there are interactions between arsenic and other metals occurring here. In addition, it would be helpful to study this prospectively, in order to measure and control for other potential confounds, like diet, that are difficult to measure in a cross-sectional study like NHANES. A prospective cohort study would also give a clear picture of arsenic exposure over time and chronic exposure-though if the main source is the drinking water in the home, as is most common. In addition, a study containing measures of strength and fat mass in addition to lean mass, such as the combination of subcutaneous fat, intermuscular fat, isokinetic muscle torque, and  cross sectional area used by Delmonico et. Al.44 would better reveal the effect of arsenic exposure on muscle quality.
Overall, this work is preliminary and exploratory, yet it identified the complexity of associating an environmental exposure with disease risk and sets the stage for a number of different avenues for further investigation. 
[bookmark: _Toc532467867]Conclusion
This preliminary exploration has highlighted the need for a more thorough investigation of the association between inorganic arsenic exposure and muscle quality. It is possible that inorganic arsenic exposure may increase appendicular lean mass, but more work is needed to draw definitive conclusions.
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