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Abstract 
 
Assessing the role of inflammation on serum folate, red blood cell folate, vitamin B-12, vitamin 

D, and zinc in adolescents and school-age children 
 

By  
 

Madeleine Zeiler 
 

Objectives: Knowledge gaps remain on the role of inflammation on micronutrient biomarker 

concentrations among school age children (SAC) and adolescents (ADL). Children and WRA are 

particularly vulnerable, with at least half of PSC and around two-thirds of non-pregnant WRA 

experiencing a micronutrient deficiency in some form. Associations between concentrations of 

inflammation biomarkers C-reactive protein (CRP) and α1-acid glycoprotein (AGP) and serum 

folate (SFO), red blood cell folate (RBC folate), vitamin B-12, vitamin D, and zinc were 

examined.  

Methods: This study analyzed cross-sectional data from nutrition surveys in multiple countries 

from 2006-2016 in SAC and ADL. Survey eligibility criteria were as follows: inclusion of either 

SAC (5-9 years) or ADL (10-19 years), AGP or CRP and ≥ 1 micronutrient of interest, and n > 

100. Micronutrient deficiencies were defined as SFO < 10 nmol/L, RBC folate < 340 nmol/L, 

vitamin B-12 < 150 pmol/L, vitamin D < 25 nmol/L, and zinc < 57 µg/dL – 74 µg/dL depending 

on specified conditions. Inflammation was defined as AGP > 1 g/L and CRP > 5 mg/L. 

Prevalence estimates were adjusted for complex survey design, and associations were assessed 

by rank correlation coefficient. 

Results: Correlations between AGP or CRP and SFO, RBC folate, vitamin B-12, vitamin D, and 

zinc were weak, with no clear pattern of association. Of the 50 observations recorded 11 were 

statistically significant (p < 0.05). 10 of these were negative: 3 between SFO and CRP (r = -0.08 

to -0.06); 2 between vitamin B-12 and CRP (r = -0.18 to -0.09); 1 between vitamin D and CRP (r 



 

= -0.06); 1 between zinc and AGP (r = -0.18); and 3 between zinc and CRP (r = -0.19 to -0.06). 

1, vitamin B-12 and CRP (r = 0.10 to 0.13), was statistically significant and positive. Decile plots 

showed no clear pattern across biomarkers.  

Conclusions: Due to weak and inconsistent correlations between the inflammation biomarkers 

and micronutrient biomarkers, there is no rationale to adjust for inflammation when estimating 

population prevalence SFO, RBC folate, vitamin B-12, vitamin D or zinc deficiencies in SAC or 

ADL. 
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Chapter 1: Introduction 
Introduction and Rationale 

Micronutrient deficiency remains a global public health challenge that affects a 

substantial proportion of the population, particularly in developing countries.1 It is estimated that 

more than half of the world’s preschool-aged children (PSC) and approximately two-thirds of 

non-pregnant women of reproductive age (WRA) experience a micronutrient deficiency in some 

form.[1]2 However, these data are sparse among adolescents (ADL) and school-age children 

(SAC). Micronutrient deficiency can be difficult to define given that symptoms can be non-

specific, hence the colloquialism to define this phenomenon, “hidden hunger.” Deficiencies in 

micronutrients such as iron, vitamin A, and zinc are widespread, particularly in low- and middle-

income countries.3 

Micronutrients, such as serum folate (SFO), red blood cell (RBC) folate, vitamin B-12, 

vitamin D, and zinc, are essential for numerous physiological processes and maintaining optimal 

health.4–7 Deficiencies in these micronutrients can lead to a variety of negative health outcomes, 

including impaired growth and development, weakened immune systems, and increased 

susceptibility to infectious diseases.8 Moreover, micronutrient deficiency has been linked to 

long-term cognitive impairment, which can have far-reaching social and economic 

consequences.9 There is growing evidence that micronutrient deficiencies are associated with a 

range of non-communicable diseases (NCDs), including cardiovascular disease, diabetes, and 

cancer; addressing NCDs early in life can be critical to long term prevention.10 Addressing this 

issue requires a comprehensive approach that includes targeted interventions to improve access 

to nutrient-rich foods, fortification of staple foods, and the use of supplements where necessary.11 

 
1 Abbreviated tables showing prevalence of select micronutrient deficiencies are available in Table 1 
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Therefore, a thorough understanding of the epidemiology, etiology, and consequences of 

micronutrient deficiency is necessary for the development of effective public health interventions 

and policies aimed at mitigating its impact on vulnerable populations.  

Problem Statement 

Assessment of micronutrient deficiency is critical to identifying and treating patients, 

evaluating the prevalence of deficiency within a population, and informing the monitoring and 

evaluation of public health programs. Micronutrient deficiency can have serious and long-term 

consequences for children's health, growth, and development. Children who do not consume 

adequate amounts of these micronutrients are at increased risk of developing deficiencies that 

can impair their immune system, growth, and cognitive development. Assessment of 

micronutrient deficiencies is complicated for several reasons including the potential for 

inflammation to suppress plasma concentrations of micronutrients, harmonizing cutoffs across 

varied analytic methods, sometimes vague deficiency symptoms, and lack of inclusion in 

population-based surveys.2 This potentially skews current estimates and explains data gaps 

worldwide. The past decade has led to tremendous increases in knowledge regarding the role of 

inflammation on SFO, RBC folate, vitamin B-12, vitamin D, and zinc concentrations, and 

improved understanding of the necessity to adjust for inflammation to improve the accuracy of 

prevalence estimates. Past literature demonstrates the need to adjust for inflammation among 

select biomarkers, particularly those that indicate iron or vitamin A deficiency.12  

Purpose Statement 

This study will assess the prevalence of SFO, RBC folate, vitamin B-12, vitamin D, and 

zinc deficiency and the impact of adjusting for inflammation by C-reactive protein (CRP) and/or 

α1-acid glycoprotein (AGP) on these estimates in a population of SAC and ADL. The findings of 
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this study will be important for informing public health interventions and policies aimed at 

addressing micronutrient deficiencies among these age groups and improving their long-term 

health outcomes. Two studies investigating the same effect on iron and vitamin A are currently 

in process.  

Research Question 

Should SFO, RBC folate, vitamin B-12, vitamin D, and zinc be adjusted by inflammation 

biomarkers CRP) and/or AGP when determining population prevalence of related deficiencies? 

Significance Statement 

Current studies estimate that the impact of malnutrition and related conditions such as 

overweight or obesity, undernutrition, stunting and wasting, or micronutrient deficiency on the 

global economy is around $3.5 trillion and $1-2 trillion, respectively.13 These staggering 

statistics indicate that combatting nutrition-related adverse health outcomes should be a top 

priority of public health organizations globally due to their high prevalence and significant 

impact on public health, particularly in low- and middle-income countries. It must be noted that 

the prevalence estimates of micronutrient deficiency can be affected by inflammation: 

populations can have both a high prevalence of micronutrient deficiencies and a high prevalence 

of inflammation thus potentially confounding prevalence estimates of both. This study will 

investigate the need for adjusting for inflammation by two different inflammation biomarkers 

among five micronutrients. Past studies have demonstrated that prevalence estimates may move 

as many as 25 percentage points after adjustment.14 

Definition of Terms 

• ADL: Adolescents 10–20 years old 

• AGP: α1-acid glycoprotein (elevated AGP defined by concentrations > 1 g/L) 
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• BRINDA: the Biomarkers Reflecting Inflammation and Nutritional Determinants of 

Anemia project 

• CRP: C-reactive protein (elevated CRP defined by concentrations > 5mg/L) 

• IL1: interleukin-1 (a type of cytokine produced primarily by macrophages, monocytes, 

and dendritic cells that promotes inflammation and recruits immune cells to the site of 

infection or injury)15 

• IL6: interleukin-6 (a type of cytokine produced by a variety of cells, including immune 

cells, endothelial cells, and fibroblasts that is involved in a wide range of physiological 

processes, including regulating the immune response, promoting the growth and 

differentiation of certain types of cells, and regulating metabolism)16 

• Inflammation: elevated α1-acid glycoprotein or C-reactive protein  

• PSC: preschool children 6-59 months old 

• RBC folate: red blood cell folate (deficiency defined by concentrations < 340 nmol/L) 

• RBP: retinol binding protein 

• SAC: School-age children 5–15 years old 

• SFO: serum folate (deficiency defined by concentrations < 10 nmol/L) 

• sTfR: soluble transferrin receptor 

• TNF-α: tumor necrosis factor-alpha 

• Vitamin B-12: deficiency defined by concentrations < 150 pmol/L 

• Vitamin D: deficiency defined by concentrations < 25 nmol/L 

• WRA: women of reproductive age 15-49 years old 
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• Zinc: deficiency determined based on considered age, sex, time of blood draw, and 

fasting status (population specific cut offs for zinc are presented in supplementary 

material 2.) 

• Zinc: deficiency determined based on considered age, sex, time of blood draw, and 

fasting status (population specific cut offs for zinc are presented in supplementary 

material 2.) 
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Chapter 2: Literature Review 

Micronutrient Overview 

Folate 

Folate was initially discovered in 1931 by Lucy Wills while studying cures for 

macrocytic anemia in pregnant women.17  Folate data is limited worldwide due to lack of 

inclusion of measurement in population-wide surveys and differences in assay approaches, 

analytes, and antibodies used making estimation of prevalence of deficiency difficult.18 One 

study suggests that the prevalence of folate deficiency is >20% in lower income countries and 

<5% in higher income countries among WRA.1  In the United States, RBC folate concentrations 

in participants ≥ 4 years old were higher in females than in males, and highest in non-Hispanic 

whites compared to non-Hispanic blacks (lowest) and Mexican Americans (in between). The 

same study showed that serum and RBC folate concentrations were lowest in adolescents and 

young adults.20 Another multi-national analysis showed that among PSC, the prevalence of folate 

deficiency ranged from 1% in Mexico (2012) to 54% in India (2016-2018).2  Inadequate folate 

intake in utero may lead to neural tube defects, megaloblastic anemia, poor reasoning and 

learning skills, and macrocytosis.21 Folate deficiency must be mitigated early as it can also lead 

to Alzheimer’s disease, and coronary and cardiovascular disease due to hyperhomocysteinemia, 

and select cancers such as leukemia, lymphoma, and colorectal, breast and prostate cancer as a 

result of metabolic changes.17,22 Causes of folate deficiency are numerous and include 

malabsorptive conditions, metabolic inhibitors, neoplastic diseases, pregnancy, and, particularly 

in Western cultures, alcoholism.23 The stages of folate insufficiency include megaloblastic 

changes in bone marrow, abnormal nuclear changes, and finally, incapacitation of erythroblast 

replication.17 
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Folate deficiency has been successfully combatted in many populations by 

supplementation. Interestingly, there is no upper limit for naturally occurring folate, while the 

upper limit for folic acid, the most biologically active form once converted to L-methylfolate via 

enzymatic processes and the form most commonly found in supplements, is set at 1000 μg/d.24,25 

It must be noted that as of the 1990s, when folic acid fortification was mandated by the 

governments of at least 75 countries across the globe in products such as breads, pastas, rice, and 

cornmeal, the prevalence of populations now regularly experiencing intake above the Tolerable 

Upper Intake Level (UL) has increased.17,26 One study showed that individuals exposed to low 

vitamin B-12 and high folate in utero experienced increased adiposity and insulin resistance by 

the time they reached six years old age, and high folate has been shown to attenuate 

improvements in vitamin B-12 status.26 This is partially explained by overlap vitamin B-12 and 

folate’s metabolic functions particularly in one-carbon metabolism.27 

Serum Folate 

The measurement of serum folate, an indicator of recent folate intake, in ADL and SAC 

is critical for the identification of folate deficiency and the evaluation of the effectiveness of 

interventions aimed at increasing folate intake.28 Because serum folate status is influenced by 

recent dietary intakes, it cannot be used as an indicator of overall folate status.25 Several methods 

are available for the measurement of serum folate, including microbiological assays, 

immunoassays, protein-binding assays, and chromatographic techniques.29 Numerous factors can 

affect the accuracy of serum folate measurement in children and adolescents, including age, 

gender, ethnicity, BMI, and socioeconomic status.30 Therefore, these factors should be examined 

carefully when interpreting serum folate measurements in children and adolescents. Overall, the 

selection of a reliable and valid measurement strategy, together with appropriate consideration of 
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confounding factors, is essential for accurate measurement and interpretation of serum folate 

levels in children and adolescents. 

Red Blood Cell Folate 

RBC folate is a marker of folate status that reflects long-term folate intake and stores.28 It 

is the primary biomarker used when assessing folate status because, unlike serum folate, RBC 

folate represents the average intake over the lifespan of the red blood cell [2].31,32 RBC folate is 

considered a more reliable indicator of tissue folate status than serum folate, as it is less affected 

by short-term changes in dietary intake or the use of supplements.33 Folate deficiency can lead to 

megaloblastic anemia, a condition characterized by the production of large, immature red blood 

cells that are unable to carry oxygen effectively. The accumulation of tetrahydrofolate (THF) in 

red blood cells is also associated with the accumulation of homocysteine, an amino acid that is 

linked to cardiovascular disease and other health problems.34 The methylation of DNA and other 

cellular components also requires folate, and folate deficiency can lead to DNA damage and 

alterations in gene expression.35,36 These biological mechanisms underscore the importance of 

maintaining adequate folate intake and status, particularly during periods of rapid growth and 

development.  

Vitamin B-12 

Vitamin B-12, which refers to all corrinoids, is most studied in patients with pernicious 

anemia. It was first studied by Thomas Addison in 1849 as the result of research into the 

treatment and prevention of this condition. Since then, the scientific community has come to 

more completely understand not only vitamin B-12’s role in anemia but also its biological 

mechanisms, with contemporary research focusing on determining the most accurate cutoffs and 

biomarker interpretation.26 The prevalence of vitamin B-12 deficiency, which manifests as 
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macrocytic or megaloblastic anemia, varies drastically across countries and population groups. 

Deficiency prevalence varies by age group and country: in the United States, <1% of children 

and adolescents are considered deficient, though these estimates are higher for both older and 

younger groups.[2]37 In Latin America, around 40% of children were deficient in vitamin B-12, 

and prevalence rose to as high as 80% in African and Asian countries. 

Megaloblastic anemia is primary indicator of deficiency and without it, deficiency may 

go undiagnosed, resulting in permanent neurologic damage. Vitamin B-12 is critical to red blood 

cell production, and brain and nerve development, and neuronal demyelination in the peripheral 

and central nervous systems.26,38 Low vitamin B-12 concentrations can be related to 

malabsorption due to ileal resection, irritable bowel disease, and bacterial overgrowth, among 

others; strict adherence to a plant-based diet[3]; and pernicious anemia.37 Deficiency can lead to 

megaloblastic anemia with cytopaenias, increased homocysteine in the blood 

(hyperhomocysteinemia), and neurological abnormalities as well as developmental delays, 

feeding difficulties, hypotonia, lethargy or hyperirritability, microcephaly, depression (though 

more research is needed), osteoporosis, and coma in children.34,39 Hyperhomocysteinemia has 

been linked to atherosclerosis and venous thrombosis, both placing patients at increased risk for 

heart attack and/or stroke.40 Links may exist between low vitamin B-12 and breast cancer in 

postmenopausal women.41 Deficiency is typically treated with supplements in the form of 

intramuscular injections or high oral doses.26 The stages of vitamin B-12 begins with events in 

the blood such as increased plasma methylmalonic acid (MMA) concentrations, increased MMA 

 
2 Prevalence by age follows a U-shaped pattern. 
3 The bioavailability of dietary sources of vitamin B-12 and folate are low compared to synthetic forms22 
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excretions in the urine to demyelination of neurons, and finally brain atrophy, dementia, 

depression, memory loss, and psychosis.[4] 

 Vitamin B-12 is absorbed by the body in two unique ways: by active physiological 

processes and passive diffusion. It is important to note that passive diffusion, which occurs in the 

gastrointestinal tract, and accounts for only 1-2% of absorption when vitamin B-12 is 

supplemented orally. Vitamin B-12 is absorbed primarily in the terminal ileum, requiring 

intrinsic factor which is produced in parietal cells of the gastric body and fundus, and contrary to 

popular belief, depletion occurs rapidly.[5]42 Malabsorption is determined via dosing with 

radioactive cobalt.26 Vitamin B-12 deficiency may result from inadequate dietary intake or 

insufficient production and activation of intrinsic factor particularly in the stomach lining. The 

latter may explain why aging populations have a higher prevalence of deficiency, gastritis, and 

pernicious anemia compared to younger populations.43 However, older adults may still benefit 

from dietary interventions with vitamin B12 fortification. One study among older adults in the 

Netherlands found that vitamin B-12  fortified wheat flour  reduced the prevalence of marginal 

vitamin B12 deficiency.44 These interventions, however, may be most critical to children and 

pregnant and lactating women. 

Vitamin D 

Vitamin D is a fat-soluble vitamin which aids in the function of the immune system, 

muscles, and brain cell activity and has anti-inflammatory, antioxidant, and neuroprotective 

properties; inadequate intake may lead to thin, brittle, or misshapen bones.45 Associations exist 

between vitamin D deficiency and certain cancers, diabetes, cardiovascular disease, depression, 

 
4 A full list of the stages of vitamin B-12 insufficiency can be found in Text Box 11 of the Biomarkers of Nutrition for 
Development’s review on vitamin B-12 
5 < 1 year 
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and autoimmune diseases, and even mild deficiency has been linked to hypocalcemia and 

hyperparathyroidism.7 Historically, vitamin D deficiency has been associated with rickets, a 

condition that leads to poor bone development and thus bone pain and soft, weak bones.46,47 

Rickets has been largely eradicated due to the fortification of milk products in the 1930s.7,48 

Deficiency is most common in individuals with malabsorptive syndromes like inflammatory 

bowel disease and celiac disease, people with limited access to sunlight and dark-skinned people, 

and people who suffer from chronic liver disease.7,49 It is also common in older patients, and 

those who have obesity, are hospitalized, or live in a nursing home.50 Because humans require 

access to sunlight to convert cholecalciferol (vitamin D3) to its active form, 25-hydroxyvitamin 

D, individuals who cover the majority of their bodies, such as women in the Middle East, or 

people who live in very hot climates and spend most of their time inside are at increased risk for 

vitamin D deficiency.51,52 One study showed that exposure to a commercial portable ultraviolet 

(UV) indoor tanning lamp in cystic fibrosis and short bowel syndrome patients twice weekly for 

eight weeks for 5-10 minutes lead to increased serum 25(OH)D levels.53 

Clinical signs of vitamin D deficiency are notoriously difficult to identify as patients are 

usually asymptomatic; therefore, identifying deficiencies requires laboratory testing of blood 

samples, such as those collected in health clinics or through population surveys. Vitamin D 

deficiency is broken into mild deficiency (25-hydroxyvitamin D <  20 ng/mL), moderate 

deficiency (25-hydroxyvitamin D < 10 ng/mL), and severe deficiency (25-hydroxyvitamin D < 5 

ng/mL).48 The prevalence of vitamin D deficiency < 25 nmol/L ranges drastically across 

different populations and surveys, from 4.6% among healthy American adolescents54 to 71% 

among adolescents in New Delhi, India.55 However, these particular estimates do not take skin 

color into consideration: in the United States, 47% of Black infants experience deficiency 
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compared to 56% of white infants. These prevalence estimates are low compared to infants in 

Turkey, Iran, and India, where approximately 90% of infants experience vitamin D deficiency.56 

Current estimates suggest that up to 1 billion people suffer from subclinical vitamin D deficiency 

and around 50% of the world’s population experience insufficiency.7 Some researchers and 

clinicians use a cutoff of 30 ng/mL though differences in recommended intakes exist across races 

as mineral metabolism is unique in each group. Currently, lower intakes are set at 30 ng/mL and 

upper intakes are around 100 ng/mL, though more research is needed due to the risk for 

hypercalcemia.57 Vitamin D deficiency is treated using 6,000 IU daily or 50,000 IU once per 

week of vitamin D2 or vitamin D3 for 6-8 weeks depending on age to attain 25-hydroxyvitamin D 

levels exceeding 30 ng/mL.58 

Vitamin D measurement may be confounded by use of medications including 

clotrimazole, nifedipine, carbamazepine, and phenobarbital.59 The latter two drugs are both 

antiepileptics, while the former drugs are used to combat skin infections, and for hypertension 

and angina, respectively.60–62 Thyroid disorders and the use of antiepileptics and cholestyramine 

impact serum 25(OH)D concentrations.63 1,25(OH)2 D is also impacted by calcium and 

phosphate concentrations along with parathyroid hormone, prostaglandins, prolactin, and 

estradiol and drugs including corticosteroids, antihypertensives, anti-retrovirals, heparin sodium, 

and biphosphonates.59 Other confounders include age, gender, nutritional status and habits, 

mental health, a sedentary lifestyle, smoking, and lung health.64 

Zinc 

The study of zinc began in 1869 when Jules Raulin, a student of Louis Pasteur, identified 

the role that zinc plays on plant nutrition via microbial systems.65,66  By 2000, the International 

Zinc Nutrition Consultative Group (IZiNCG) was founded, and by 2004, a comprehensive report 
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on zinc assessment had been published.67 Zinc is essential to immune function, protein and DNA 

synthesis, wound healing, and cell signaling and division as a structural and catalytic ion.66 

However, zinc deficiency is particularly difficult to identify and therefore treat due to a lack of 

generalized clinical symptoms.66 In animals, deficiency manifests in a cycle of anorexia and food 

ingestion, perhaps extending survival.68 Zinc is required for the structural integrity of around 8% 

of the human genome.66 It serves as an enzyme catalyst, provides enzymatic structure, and 

regulates gene expression.69 Zinc deficiency impairs endocrine function, DNA transcription and 

gene expression, and limits weight gain in animal models.66 It has significant effects on the 

immune system, impairing innate immune function and acquired immunity increasing the rate 

and duration of infection.70  

Beyond cellular function and metabolism, zinc is critical to growth, immune and 

reproductive health, and neurobehavioral development.66 More specifically, inadequate intake 

among children and infants may lead to deficits in neuropsychologic functioning, activity, motor 

development, cognitive performance, diarrhea, alopecia, delayed growth, and frequent infections. 

Individuals with gastrointestinal or metabolic disorders, and sickle cell anemia or thalassemia; 

infants, lactating people, and vegetarians are at an increased risk for zinc deficiency.66 The body 

is unable to store zinc, making dietary intake essential. In populations where a plant-based diet is 

dominant, zinc deficiency is typically more prevalent, particularly in children and WRA.66 

It is estimated that 17% of individuals globally do not get enough zinc through dietary 

sources, though this estimate may be as many as two times lower than the true prevalence of zinc 

deficiency.71 Prevalence of zinc deficiency among children and adolescents ranged from 4% in 

China to 83% in Cameroon as estimated by national surveys conducted between 2001 and 

2014.72 Another multi-national analysis showed that zinc deficiency ranged from 12% in 
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Afghanistan (2013) to 67% in Cambodia (2014) among PSC. The World Health Organization 

(WHO) estimates that 430,000 children die from zinc deficiency annually.73 These deaths are 

most often linked to diarrhea, pneumonia, and malaria.2,74 Deficiency is most common in 

Southeast Asia and sub-Saharan Africa, with the prevalence of deficiency exceeding 25%.75 Zinc 

deficiency and diarrhea are combatted using 20 mg/d for 10-14 days or 10 mg/d for infants < 6 

months old.76 Diarrheal disease treatment uses zinc fortified oral rehydration supplements, 

particularly among young children in low- and middle-income countries.77 

Plasma zinc concentrations can fluctuate drastically based on specific conditions; some 

studies estimate this fluctuation to be as high as 20%.78 Numerous factors including time of 

blood draw, pregnancy or use of oral contraceptives, age, sex, altitude, infection, food intake, 

stress, the position of the patient during blood draw, and smoking status influence serum and 

plasma zinc levels.79 Cutoffs for deficiency are available for review in Table 10. Zinc function 

may be altered by the use of antibiotics, penicillamine, and diuretics, and careful notes on the 

time of last meal, existed of hemolytic conditions, and use of drugs and supplements must be 

taken and implemented during data cleaning and harmonization.66 Absorption may also be 

influenced by pancreatic insufficiency and inflammatory bowel disease. A list of 

recommendations to limit contamination during zinc sampling is available.[6]  

Three indicators are typically used in zinc assessment: dietary assessment, plasma or 

serum zinc concentration, and stunting. Dietary assessment, which uses food frequency 

questionnaires, 24-hour food recalls, and food diaries provide information on usual sources and 

bioavailability of those sources, though they are extremely time consuming and may rely on the 

use of incomplete food composition tables. Stunting is an excellent indicator of the success of an 

 
6 These recommendations can be found in Text Box 10 of the Biomarkers of Nutrition for Development’s review on 
zinc. 
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intervention and is a non-invasive, low-cost technique. However, stunting is a non-specific, long-

term indicator that does not respond quickly to changes in zinc status and measurement must be 

done by skilled anthropometrists. Other potential zinc biomarkers include hair zinc, urinary zinc, 

and neurobehavioral function.66  

Deficiency Cutoffs 

Folate cutoffs have shifted significantly in the past few decades. Currently accepted 

cutoffs are <10 nmol/L for serum folate and < 340 nmol/L for RBC folate per the WHO 

Technical Consultation on folate and vitamin B-12 deficiencies and are derived from NHANES 

III data. Vitamin B-12 cutoffs are currently set at 148 pmol/L and 221 pmol/L for serum B-12 

and methylmalonic acid, respectively. Some argue that a cutoff of >210 nmol/L would be more 

appropriate.37 Vitamin D cutoffs are currently set at 30 ng/mL for lower intakes and 100 ng/mL 

for upper intakes per the Institute of Medicine.80 Other studies suggest the use of cutoffs for 

serum 25-hydroxyvitamin D between 20 ng/mL (50 nmol/L) and 30 ng/ml (75 nmol/L).58 Zinc 

cutoffs are particularly difficult given numerous confounding variables. Current estimates range 

from 57 µg/dL to 74 µg/dL depending on age, sex, time of blood draw, and fasting status.81 AGP 

cutoffs have been set at 1.0 mg/mL and CRP cutoffs are set at 5 mg/L.82 

Inflammation Overview 

Inflammation is a complex biological process that occurs in response to tissue injury, 

infection, or other forms of cellular stress.83 It is defined by the acute phase response (APR) 

which is activated due to tissue injury, immunologic disorders, microbial invasion, and various 

forms of stress.84 It is a crucial component of the immune response, allowing the body to 

eliminate harmful pathogens and initiate tissue repair.85 However, when inflammation becomes 

dysregulated, it can contribute to a variety of chronic diseases including diabetes mellitus, 
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autoimmune disorders, non-alcoholic fatty liver disease (NAFLD), cancer, stroke, ischemic heart 

disease, cancer, chronic kidney disease, and neurodegenerative conditions.86 It is estimated that 

50% of all deaths in the entire global population can be attributed to inflammation.87 Acute 

inflammation may present with redness, swelling, pain, and heat as well as fever, allergy 

anaphylaxis, an increase in immune cells, and fibrosis, among others.88,89 Inflammation, resulting 

in increased CRP, IL-6, and TNF-α, leads to increased risk for obesity due to increased leptin, 

adiponectin, and oxidative stress, as well as decreased muscle mass and micronutrient status.90   

 Inflammation may occur in one of several different forms. Acute inflammation typically 

self-resolves quickly and is a response to infection or tissue injury. Chronic inflammation, 

however, refers to long-term inflammation and leads to non-communicable diseases such as 

cancer, obesity, cardiovascular disease, autoimmune diseases, and diabetes. Clinical 

inflammation relies on the presentation of clear symptoms of inflammation, whereas subclinical 

inflammation can only be identified biochemically. Subclinical inflammation occurs in four 

phases: first, the reference period (no evidence of inflammation is observed); second, the 

“incubation” period (no signs or symptoms of disease have appeared, though trauma or illness 

has occurred and CRP is elevated), third, the “early convalescence” period (CRP concentrations 

are elevated though declining and AGP concentrations become elevated); and fourth, the “late 

convalescence” period (only AGP is elevated and homeostasis approaches restoration).90,91  At 

the onset of inflammation, the body releases inflammatory mediators such as bradykinin and 

histamine which result in small blood vessel dilation for increased blood flow and immune 

system cells to the injury cite.88 

α1-Acid glycoprotein (AGP) 
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α1-Acid glycoprotein, also known as orosomucoid, is a negatively charged glycosylated 

serum protein which serves as an excellent indicator of inflammation, liver health, and all-cause 

mortality.92 It is synthesized and catalyzed in the liver, and it has a half-life of 2-3 days.93,94 

Healthy adults have concentrations between 0.05 and 0.1 g/dL, though during the acute phase 

response, serum AGP may rise between two and five times.95 The levels of AGP in the blood can 

be measured using various laboratory tests, including immunoassays and chromatographic 

methods. 

AGP is critical to human health as it binds and transports endogenous and exogenous 

substances. It is highly glycosylated, which allows it to bind and transport a wide range of 

molecules. This protein primarily inhibits T-cells and the proliferative response of peripheral 

blood lymphocytes to phytohemagglutinin. AGP also inhibits neutrophils, a common type of 

white blood cell that is critical to immune response, as well as monocytes and lymphocytes, and 

is critical to both anti-inflammatory and immunomodulatory responses.96,97 AGP has been shown 

to be useful in wound healing, as it stimulates the proliferation of fibroblasts.97   

C-reactive protein (CRP) 

 CRP is a highly sensitive marker of inflammation and is widely used in clinical practice 

to assess the risk of various diseases, including cardiovascular disease, cancer, and autoimmune 

disorders. The study of C-reactive protein began with its discovery by Tillet and Frances in 1930 

via identification in the sera of pneumococcal pneumonia patients. CRP is a biomarker of 

inflammation that is synthesized by liver hepatocytes in response to various stimuli, such as 

infection, trauma, or tissue damage.98-100 The molecular structure of CRP consists of five 

identical subunits arranged in a pentameric ring. Each subunit contains a calcium ion-binding 

site, which is essential for its stability and ligand-binding capacity.101 The ligands of CRP 
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include various molecules that are involved in the inflammatory process, such as 

lipopolysaccharides, bacterial cell wall components, and apoptotic cells. CRP binds to these 

ligands with high affinity, leading to their clearance by phagocytic cells and activation of the 

complement system.102 The production of CRP is regulated by several cytokines, such as 

interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-alpha).103 These cytokines are 

released by immune cells in response to inflammatory stimuli and stimulate the transcription of 

the CRP gene in the liver.98  

The clinical utility of CRP lies in its ability to predict the risk of cardiovascular disease, 

disease severity and monitor outbreaks, predict mortality, track intervention efficacy, identify 

individuals at risk of metabolic syndrome, determine response to cancer treatment and 

vaccinations, and more.104–109 Elevated levels of CRP have been associated with an increased 

risk of atherosclerosis, myocardial infarction, stroke, and peripheral artery disease.110 It is also a 

useful marker of disease activity in rheumatoid arthritis, systemic lupus erythematosus, and other 

autoimmune disorders.111 Recent research has also identified CRP as a potential therapeutic 

target in various diseases. For example, inhibition of CRP has been shown to reduce the severity 

of rheumatoid arthritis in animal models and may be a promising treatment option in humans.112 

In addition, CRP has been implicated in the pathogenesis of Alzheimer's disease and may 

represent a target for disease-modifying therapies.113 

Laboratory Analysis 

Microbiological assays involve the use of microorganisms to measure folate activity and 

are considered the gold standard for serum folate measurement, though competitive protein 

binding assays have gained popularity due to ease of use.114 Microbiological assays, while 

efficient, are expensive and require specialized expertise and equipment.115,17 Immunoassays are 
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rapid and easy to perform, but their accuracy is affected by a lack of standardization, 

autoantibodies, and anti-reagent antibodies, among others.116 Chromatographic techniques, such 

as high-performance liquid chromatography (HPLC), are highly sensitive and specific and can 

detect both natural and synthetic forms of folate.117 However, these, techniques are costly, 

require specialized equipment, and may not be suitable for high-throughput analysis. 

 Three biomarkers are typically used in the measurement of folate status: serum folate, 

RBC folate, and homocysteine. Serum folate is an excellent indicator of short-term folate 

deficiency, takes less time to process, and accurately indicate folic acid exposure. However, it 

cannot be relied upon to measure the concentration of natural food folates, cutoffs differ by 

study, and study participants must be fasted before collection. Collection must occur at a 

laboratory and results are not reliable across studies. Finally, serum folate values are potentially 

inflated if undergoing hemolysis. RBC folate is a good indicator of long-term folate status, 

matching liver concentrations, and reflecting folic acid concentrations. However, adjustments 

must be made for the dietary folate equivalent (the amount of folate actually absorbed by the 

body),[7] measurement must take place in a laboratory, results cannot be readily compared across 

laboratories, and multi-country analyses are difficult due to differences in data collection and 

measurement. Finally, total homocysteine is a sensitive marker for folate status which responds 

quickly to treatment for folate deficiency. It can also be used to measure vitamin B-12 status. 

Total homocysteine measurement also must be done in a laboratory by specialists, though results 

are comparable across laboratories, and plasma homocysteine is a stable analyte.17 Other 

 
7 If the research question involves measuring the total folate content of a sample, regardless of its bioavailability, a 
technique such as microbiological assay may be appropriate. If the research question involves measuring the 
bioavailable folate content of a sample, a technique such as high-performance liquid chromatography (HPLC) may 
be more appropriate. 



20 
 

biomarkers used include serum folic acid, urinary folate/folic acid, and urinary and serum para-

aminobenzoylglutamate and para-acetamidobenzoylglutamate.17 

The gold-standard for measuring serum vitamin B-12 concentrations is MMA, which 

requires the use of mass spectrometry and may be compromised by bacterial overgrowth, using a 

cutoff of 148–221 pmol/L.37  Other biomarkers available for vitamin B-12 analysis include 

serum or plasma B-12 concentration, serum holotranscobalamin concentration, and serum total 

homocysteine concentration.26 Each come with their own advantages and disadvantages.  

Vitamin D is typically measured using 25(OH)D assay due to a longer half -life of 

25(OH)D compared to 1,25(OH)2 D.118 Possible measurement techniques include competitive 

protein-binding assays (CPB), tandem mass spectrometry (LC-MS/MS),  liquid chromatography-

mass spectrometry (LS-MS), radioimmunoassays (RIA),  liquid chromatography with UV 

detection (LC), and chemiluminescence immunoassays (CLIA), though CPB, CLIA, and RIA are 

the most popular due to efficiency.119  

Zinc concentrations are typically measured using atomic absorption spectrometry (AAS), 

though ICP-MS, ICP atomic emission spectrometry, ICP optical emission spectrometry, X-ray 

spectrometry, proton-induced X-ray emission, instrumental neutron activation analysis, and 

anodic stripping voltammetry are also popular.26 Further research is needed to determine the 

efficacy of measuring bone zinc to determine long-term stores, though no biomarker of changes 

is currently available. Additionally, zinc assessment relies on the use of a trace-element free 

laboratory environment, as environmental contamination of biological samples can affect 

measurements.120 These contaminants may include preservatives, lubricants, evacuated tubes, 

water, anti-coagulants, and rubber stoppers.66 
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CRP is commonly measured by enzyme immunoassay, laser nephelometry, and rate 

immunonephelometry or turbidimetry.121 The measurement of AGP in the laboratory is typically 

performed using immunoassays, which detect and quantify the protein based on its specific 

interaction with antibodies. There are several types of immunoassays that can be used to measure 

AGP, including enzyme-linked immunosorbent assay (ELISA), nephelometry, and 

turbidimetry.122 

The Public Health Implications of Micronutrient Deficiency 

A study published this year showed that 372 million PSC and 1.2 billion non-pregnant 

WRA experience some form of micronutrient deficiency. This is the equivalent of over half of 

PSC and more than two-thirds of non-pregnant WRA.2 Deficiencies in micronutrients including 

iron, vitamin B-12, folate, zinc, copper and vitamin A deficiency can lead to anemia, which can 

impair cognitive function, weaken the immune system, and increase the risk of infections.123 

Deficiencies in vitamin A and zinc can weaken the immune system and increase the risk of 

infections, while iodine, iron, and vitamin B-12 deficiency can impair cognitive function via 

reduced attention span, intelligence, sensory perception, and emotional and behavioral 

intelligence, and increase the risk of goiter and other thyroid disorders, though links between iron 

and cognitive warrant further investigation.124 Zinc and vitamin D deficiencies can have dire 

consequences for immune and cognitive health. Therefore, ensuring micronutrient adequacy, 

though not a silver bullet, is critical for supporting children's physical and cognitive development 

and improving their long-term health outcomes.  

Studying micronutrient deficiency from a public health perspective is essential for several 

reasons: it helps in identifying the populations at risk of micronutrient deficiencies, quantify the 

burden of micronutrient deficiency, and understand the underlying causes of micronutrient 
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deficiencies, and in so doing, tailor interventions to prevent and address micronutrient 

deficiencies effectively and assess their impact on health outcomes. By quantifying the burden of 

the problem, policymakers and public health practitioners can prioritize interventions and 

allocate resources to address micronutrient deficiencies effectively. With careful study, public 

health practitioners can design and implement interventions and allocate resources to prevent and 

address micronutrient deficiencies. Public health interventions can be categorized into three 

broad categories: food-based approaches, supplementation, and fortification. Typically, 

interventions revolve around the use of micronutrient powders, food fortification, and lipid-based 

nutrient supplements. Food-based approaches include promoting the consumption of nutrient-

dense foods and improving access to these foods through agricultural and economic development 

programs. Supplementation involves providing vitamins and minerals in the form of tablets, 

capsules, or liquid supplements to populations at risk of micronutrient deficiencies. Fortification 

involves adding vitamins and minerals to commonly consumed foods such as flour, salt, and 

cooking oil. Finally, studying micronutrient deficiency from a public health perspective is crucial 

for monitoring and evaluating the effectiveness of interventions. Monitoring and evaluation 

involve measuring the impact of interventions on the prevalence and severity of micronutrient 

deficiencies, health outcomes, and cost-effectiveness. By doing this, public health practitioners 

can identify successful strategies and make necessary adjustments to ensure the interventions' 

sustainability and scalability. 

Past/related Findings 

Several studies have investigated the impact of adjusting for inflammation on the prevalence 

estimates of micronutrient deficiencies in different populations, including WRA and PSC. A 

cross-sectional study conducted in PSC and WRA found that the prevalence of vitamin A 
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deficiency (VAD) was overestimated among PSC; after adjusting retinol binding protein (RBP) 

and serum retinol for inflammation, the prevalence of VAD decreased by a median of 14 

percentage points.125 The same study showed that inflammation adjustment by serum ferritin 

increased the estimated prevalence of iron deficiency by a median of 11 percentage points. 

However, estimates of iron-deficient erythropoiesis for PSC as measured by soluble transferrin 

receptor (sTfR) decreased by a median of 15 percentage points.125 These findings were 

diminished in significance in WRA. The BRINDA project currently recommends adjusting RBP 

and serum retinol by AGP and CRP in PSC but not WRA, serum ferritin by AGP and CRP for 

both PSC and WRA, and just by AGP for sTfR, also in both PSC and WRA.126 Conversely, 

another study showed that estimated prevalence of depleted iron increased by 7-25 and 2-8 

percentage points for PSC and WRA, respectively, when adjusting for inflammation using the 

CRP plus AGP approach, compared to unadjusted values.127 A third study demonstrated that 

when sTfR concentrations were adjusted by CRP or AGP, the estimated prevalence of iron-

deficient erythropoiesis decreased by 4.4–14.6 and 0.3–9.5 percentage points in PSC and WRA, 

respectively, compared with unadjusted values.128  

The BRINDA project, a multi-agency international collaboration formed to study 

micronutrient assessment particularly as related to anemia, and have been shown to require 

adjustment for inflammation.129 has reviewed the role of inflammation on all five micronutrients 

investigated here, though in differing populations. The role of inflammation on serum and RBC 

folate and vitamin B-12 was investigated among PSC and WRA in 13 countries across the globe. 

Rank correlation coefficients were weak and generally insignificant both for folate and for 

vitamin B-12, indicating that no adjustment was necessary in either WRA or PSC despite 

bidirectional associations between inflammation and the three biomarkers.18 Another BRINDA 
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project study investigated the need to adjust vitamin D concentrations for inflammation in PSC 

and WRA. This multi-country analysis, using data from six nationally representative nutrition 

surveys, also found weak and inconsistent correlations between AGP or CRP and 25(OH)D 

concentrations in both populations and provided no rationale for adjustment for making vitamin 

D deficiency prevalence estimates in PSC and WRA.130 Finally, the BRINDA project 

investigated the role of inflammation on zinc concentrations in PSC and WRA across 13 

nationally representative nutrition surveys, using plasma or serum zinc concentrations. This 

study found that in general, inflammation was associated with reduced plasma and serum zinc 

concentrations, and, after regression correction, the prevalence of zinc deficiency decreased by 

7.1% on average among PSC suggesting that adjustment is supported among populations of PSC 

with significant negative associations between plasma or serum zinc and inflammation 

biomarkers. However, associations were weak and inconsistent for WRA and there is currently 

no rationale for adjusting for inflammation in this group.131    

More research is needed to investigate the impact of adjusting for inflammation on the 

prevalence estimates of micronutrient deficiencies in SAC and ADL, as studies in these age 

groups are limited. However, two other studies investigating the need to adjust iron and vitamin 

A in ADL and SAC are currently underway. Nonetheless, the available evidence suggests that 

adjusting for inflammation is critical for obtaining accurate estimates of micronutrient 

deficiencies, which can inform effective public health interventions and policies aimed at 

addressing this important public health issue. 

The Case for Adjusting for Inflammation 

The accurate estimation of micronutrient deficiencies is critical for informing public 

health interventions and policies aimed at addressing this issue and requires adjusting for 
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potential confounding factors, such as inflammation. Some micronutrient biomarkers are also 

acute-phase proteins (such as AGP and CRP) and may be elevated (or diminished) during 

infection or inflammation.132 This work is particularly significant given inflammation and 

infection’s known role in non-nutritional anemias such as anemia from chronic disease, blood 

loss from hookworm infection, and hemolytic anemia from malaria.133 Previous studies have 

primarily focused on investigating the need to adjust for inflammation among WRA and PSC, 

with limited research available for SAC and ADL. Given that SAC and ADL represent a 

significant proportion of the population, the lack of research investigating the need to adjust for 

inflammation among these age groups is a notable gap in the literature. This gap is particularly 

concerning given that inflammation is prevalent in these populations due to the high burden of 

infectious diseases, which can influence the concentrations of certain biomarkers of 

micronutrient status. Therefore, there is a critical need to investigate the use of inflammation-

adjustment approaches among SAC and ADL to ensure accurate estimation of micronutrient 

deficiencies in these populations.  

Assessment of micronutrient deficiencies are complicated for several reasons including 

the potential for inflammation to suppress plasma concentrations of micronutrients, harmonizing 

cutoffs across varied analytic methods, sometimes vague deficiency symptoms, and lack of 

inclusion in population-based surveys.2 This potentially skews current estimates and may explain 

data gaps worldwide. The past decade has led to tremendous increases in knowledge regarding 

the role of inflammation on SFO, RBC folate, vitamin B-12, vitamin D, and zinc concentrations, 

and improved understanding of the necessity to adjust when seeking accurate prevalence 

estimates. Past literature demonstrates the need to adjust for inflammation among select 

biomarkers, particularly those that indicate iron or vitamin A deficiency.12 Table 12134 depicts 
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when to adjust for inflammation in WRA, PSC, and SAC for RBP and retinol, sTfR, ferritin, 

zinc, folate, and RBC folate. 

Bidirectional Associations of Inflammation and Micronutrients  

Inflammation and micronutrients have bidirectional associations, with inflammation 

affecting the absorption, transport, and utilization of micronutrients, and micronutrient 

deficiencies contributing to chronic inflammation. Inflammatory cytokines such as interleukin-1 

and tumor necrosis factor-alpha can reduce the absorption and availability of nutrients such as 

iron, zinc, and vitamin B12, leading to deficiencies.135–137 On the other hand, deficiencies in 

micronutrients such as vitamin D, vitamin E, and omega-3 fatty acids can contribute to chronic 

inflammation and increase the risk of chronic diseases such as cardiovascular disease, cancer, 

and diabetes.138 Prevalence estimates of micronutrient deficiencies may be artificially inflated 

(e.g., vitamin A and zinc) or reduced (e.g., ferritin and sTfR) by the presence of inflammation. 

Biological Plausibility for B Vitamins (SFO, RBC folate, and Vitamin B-12) 

There is a bidirectional association between B vitamins and inflammation, with B vitamin 

deficiencies contributing to inflammation and inflammation affecting B vitamin metabolism. B 

vitamins, such as folate, B6, and B12, play essential roles in one-carbon metabolism, which is 

involved in DNA synthesis, methylation reactions, and amino acid metabolism.27 B vitamin 

deficiencies can lead to elevated levels of homocysteine, which is a pro-inflammatory 

molecule.139 On the other hand, inflammation can impair B vitamin absorption and metabolism, 

leading to decreased levels of circulating B vitamins.140 Therefore, maintaining adequate B 

vitamin levels is important for reducing inflammation and promoting overall health. One study 

showed that serum folate appears to be reduced amidst acute inflammation while red blood cell 

folate concentrations remained stable, though other studies have demonstrated an inverse 
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relationship.132 Inflammation results in increased production of pro-inflammatory cytokines, 

such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-alpha).141 These cytokines can 

disrupt the normal function of the folate receptor, which is responsible for transporting folate to 

cells, leading to decreased folate uptake by cells and reducing the amount of folate available for 

metabolic processes.142 Interestingly, B vitamins have also been demonstrated to have anti-

inflammatory effects in microglia cells.143 Other studies that use the BRINDA inflammation 

adjustment method have deemed adjustment for inflammation for vitamin B-12 and folate among 

PSC and WRA age unnecessary.144  

Biological Plausibility for Vitamin D 

Chronic inflammation has been associated with lower circulating levels of vitamin D.145 

This is thought to be due to the sequestration of vitamin D in adipose tissue and reduced 

absorption in the gut.146 Additionally, inflammation can lead to increased expression of 24-

hydroxylase, an enzyme which converts vitamin D into less active 25-hydroxyvitamin D 

(25(OH)D) and 1α,25-dihydroxyvitamin D3 24-hydroxylase, an enzyme responsible for 

converting 25(OH)D into the biologically inactive metabolite 24,25-dihydroxyvitamin D.147 

Vitamin D also has immunomodulatory properties and can regulate the activity of immune cells, 

including T cells and macrophages. Inflammatory cytokines can disrupt these effects by altering 

the expression of vitamin D metabolizing enzymes and the calcitriol receptor, leading to immune 

dysregulation.148 One study which investigated the need to adjust biomarkers for iron, vitamin A, 

vitamin D, vitamin B-12, and folate for inflammation post norovirus exposure (resulting in an 

inflammatory response) demonstrated that recent infection was correlated with reduced vitamin 

D concentrations suggesting that adjustment for inflammation may be warranted, though further 

analysis found that adjustment was only necessary for some iron and vitamin A biomarkers.149 
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Biological Plausibility for Zinc 

The relationship between inflammation and zinc concentrations is complex and 

multifactorial. Zinc deficiency has been demonstrated to compromise epithelial barrier, 

macrophage, and neutrophil function.90 Plasma serum zinc concentrations may be reduced in the 

presence of inflammation, and in settings where infection is common, prevalence of zinc 

deficiency may be overestimated due to inflammation. Inflammatory cytokines, such as 

interleukin-1 (IL-1) and tumor necrosis factor-alpha (TNF-α), have been shown to decrease zinc 

absorption and increase zinc excretion, which can lead to lower zinc concentrations in the 

body.150 In addition to the direct effects of inflammatory cytokines on zinc metabolism, 

inflammation can also lead to changes in the expression of zinc transporters and other proteins 

involved in zinc homeostasis: the expression of the zinc transporter ZIP14 has been shown to be 

upregulated in response to inflammation, which can lead to decreased zinc uptake in cells.151 

Previous studies have shown that inflammation leads to exaggerated prevalence of zinc 

deficiency, particularly in PSC.131 It is important to note, however, that these findings came from 

a large multi-country analysis and that associations did not exist across all surveys, therefore, 

recommendations remain conditional. 

Methods of Inflammation Adjustment 

 Five approaches for adjusting biomarkers for inflammation were identified in Young and 

Suchdev’s seminal work on inflammation adjustment.152 They include ignoring inflammation, 

excluding individuals with inflammation, changing nutrient biomarker cutoffs, the Thurnham 

internal correction factor, and the BRINDA regression correction approach. Each has varying 

levels of validity, precision, and feasibility and have been designed specifically around 

micronutrients with a known link to anemia including iron, vitamin A, zinc, folate, vitamin B-12, 
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and riboflavin. All approaches aim to improve global micronutrient deficiency prevalence 

estimates for appropriate program design, implementation, and targeting, and effective policy 

making.153 

 Ignoring inflammation and doing nothing to account for acute phrase proteins (APPs), 

while precise and feasible, is not valid and is a potentially biased estimate of micronutrient 

status. This approach is very common across micronutrient surveys, in part due to a lack of 

inclusion of APPs. Excluding individuals with inflammation by removing individuals with APPs 

is neither valid nor precise, though it is feasible. Sample size may be lost leading to reduced 

precision and may introduce bias due to the potential that population subsets differ with and 

without inflammation. This method also relies on concrete APP cutoffs. This method may be 

used if neither AGP nor CRP were measured. Changing the nutrient biomarker cutoff, like the 

exclusion method, is neither valid nor precise, though feasible. It uses higher and lower indicator 

cutoffs from individuals with inflammation or in settings with high inflammation, respectively. 

However, this method does not account for varying degrees of inflammation and may introduce 

bias as cutoffs will differ across groups and context. The four-level categorical inflammation 

correction factor, also known as Thurnham’s internal correction factor, is precise and feasible, 

but not valid. CRP and AGP are used apply an internal correction factor and to create four 

categories: no inflammation (CRP < 5 mg/L and AGP < 1 g/L), incubation (CRP > 5 mg/L), 

early convalescence (CRP > 5 mg/L and AGP > 1 g/L), and late convalescence (AGP > 1 g/L). 

This method requires that surveys include both AGP and CRP and does not account for 

confounding and effect modification. Outputs are like those of the exclusion approach.  

 Finally, the BRINDA regression correction approach is valid, precise, and feasible. It 

uses linear regression to adjust micronutrient concentrations using AGP and CRP. This method 
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also requires both AGP and CRP, as well as statistical software to run the correction and 

knowledge of how to run the correction from a statistical standpoint.[8]153 However, it allows for 

adjustment for inflammation even in settings where levels are below traditional cutoffs. In the 

BRINDA approach, the micronutrient biomarker serves as the dependent variable while AGP or 

CRP serve as the independent variable, using the slope to adjust for inflammation while 

accounting for the potential for overadjustment. The BRINDA approach has been effectively 

applied to determine the need for adjustment for inflammation in determining micronutrient 

deficiency prevalence estimates in RBP and serum retinol, serum ferritin, sTfR, serum zinc, 

serum and RBC folate, serum B-12, and vitamin, particularly among PSC and WRA. Table 12134 

gives recommendations for which micronutrient biomarkers should be adjusted for 

inflammation. Further instructions for applying the BRINDA approach and answers to frequently 

asked questions are available.154 

Potential Confounders 

Dose size has a dramatic effect on the amount of vitamin B-12 actually absorbed by the 

body. Studies show that around 50% of a 1-μg dose, 20% of a 5-μg dose, and 5% of a 25-μg oral 

dose were absorbed, while only 1% of a 500-μg dose was absorbed.37,155 As for the absorption of 

dietary vitamin B-12, absorption ranged from 4.5% to 85% depending on the product. 

26Additionally, differing methods for assessing micronutrient status are often used, all with 

varying levels of accuracy and different confounders. For example, vitamin B-12 measurement 

via serum or plasma B-12 is confounded by irregular flow cell cleaning, use of green-top 

mineral-free tubes, lack of protection of light, and use of antibiotics. Each measurement 

technique comes with its own specific confounders which must be addressed. 

 
8 The BRINDA regression correction may be easily applied using the BRINDA inflammation adjustment R package 
and SAS macro.  
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 Some micronutrients may be compromised by certain medical conditions. Folate status is 

impacted if a patient is undergoing renal dialysis, has inflammatory bowel disease, tropical 

sprue, or celiac disease.17 Chronic alcoholism is also linked to folate deficiency. Various 

medications can also result in adjusted micronutrient concentrations, that if not controlled, may 

confound analysis. In folate, status may be compromised as a result of use of anticonvulsant 

drugs, sulfasalazine, triamterene, and metformin.17 

Vitamin D concentrations are influenced by the altitude of the primary place of 

residence.55 Of the eleven countries studied in this analysis, seven are home to a major city at 

high altitude. These countries include Ecuador, Malawi, Pakistan, Colombia, Vietnam, the 

United States, and Mexico. Ultraviolet B (UVB) radiation, which is responsible for the synthesis 

of vitamin D in the skin, is increased at higher altitudes due to the reduced atmospheric filtering 

of UVB radiation.156 This may partially explain differences in vitamin D concentrations across 

different countries, as well as allow clinicians and designers of interventions to more 

appropriately target interventions.  

A phenomenon called the “folate trap” refers to the idea that a deficiency in vitamin B-12 

leads to the inhibition of homocysteine and methyltetrahydrofolate to methione and 

tetrahydrofolate, leading to megaloblastic anemia and compromised deficiency measurements.26 

Improvements in vitamin B-12 status are attenuated by high folate status, showing that vitamin 

B-12 metabolism might be impacted by folate status.157 Oxidative stress has been linked to 

decreased homocysteine metabolism via increased amino acid catabolism. Cystathionine β-

synthase (CBS), the enzyme that initiates pyridoxal-5′-phosphate–dependent homocysteine 

catabolism and formation of cysteine and glutathione, is inhibited by insulin, leading to 

decreased homocysteine concentrations in the blood and increased catabolism.26 Hypothyroidism 
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and menopause have also been linked to increased homocysteine concentrations in the blood. 

Other confounders include concomitant depression, ApoE genotype, high total homocysteine, 

fasting, renal function, and pregnancy. Unmeasured residual confounders can lead to biased or 

incorrect estimates of the true association between an exposure and an outcome in observational 

studies, though it must be mentioned that some of these confounders will not be measured in 

population surveys.  
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Abstract 
 
Objectives: Knowledge gaps remain on the role of inflammation on micronutrient biomarker 

concentrations among school age children (SAC) and adolescents (ADL). Children and WRA are 

particularly vulnerable, with more than half of PSC and approximately two-thirds of non-

pregnant WRA experiencing a micronutrient deficiency in some form.158 Associations between 

concentrations of inflammation biomarkers C-reactive protein (CRP) and α1-acid glycoprotein 

(AGP) and serum folate (SFO), red blood cell folate (RBC folate), vitamin B-12, vitamin D, and 

zinc were examined.  

Methods: This study analyzed cross-sectional data from nutrition surveys in multiple countries 

from 2006-2016 in SAC and ADL. Survey eligibility criteria were as follows: inclusion of either 

SAC (5-9 years) or ADL (10-19 years), AGP or CRP and ≥ 1 micronutrient of interest, and n > 

100. Micronutrient deficiencies were defined as SFO < 10 nmol/L, RBC folate < 340 nmol/L, 

vitamin B-12 < 150 pmol/L, vitamin D < 25 nmol/L, and zinc < 57 µg/dL – 74 µg/dL depending 

on specified conditions. Inflammation was defined as AGP > 1 g/L and CRP > 5 mg/L. 

Prevalence estimates were adjusted for complex survey design, and associations were assessed 

by rank correlation coefficient. 
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Results: Correlations between AGP or CRP and SFO, RBC folate, vitamin B-12, vitamin D, and 

zinc were weak, with no clear pattern of association. Of the 50 observations recorded 11 were 

statistically significant (p < 0.05). 10 of these were negative: 3 between SFO and CRP (r = -0.08 

to -0.06); 2 between vitamin B-12 and CRP (r = -0.18 to -0.09); 1 between vitamin D and CRP (r 

= -0.06); 1 between zinc and AGP (r = -0.18); and 3 between zinc and CRP (r = -0.19 to -0.06). 

1, vitamin B-12 and CRP (r = 0.10 to 0.13), was statistically significant and positive. Decile plots 

showed no clear pattern across biomarkers.  

Conclusions: Due to weak and inconsistent correlations between the inflammation biomarkers 

and micronutrient biomarkers, there is no rationale to adjust for inflammation when estimating 

population prevalence SFO, RBC folate, vitamin B-12, vitamin D or zinc deficiencies in SAC or 

ADL. 

Introduction 

Micronutrient deficiency is a significant public health challenge that affects a substantial 

proportion of the population, particularly in developing countries. Estimates reflect that around 

two billion people experience micronutrient deficiency worldwide, though this estimate has been 

used for the past three decades.1,2 Children and WRA are particularly vulnerable, with more than 

half of PSC and approximately two-thirds of non-pregnant WRA experiencing a micronutrient 

deficiency in some form.158 ADL (10-20 years old) and SAC (5-15 years old) are also affected, 

but data on their micronutrient deficiencies are sparse. Deficiencies in micronutrients such as 

iron, vitamin A, and zinc are widespread, particularly in low- and middle-income countries.3 

Micronutrients, such as serum folate (SFO), red blood cell folate (RBC folate), vitamin 

B-12, vitamin D, and zinc, are essential for numerous physiological processes and maintaining 

optimal health.4–7 Deficiencies in these micronutrients can lead to a variety of negative health 
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outcomes, including impaired growth and development, weakened immune systems, and 

increased susceptibility to infectious diseases.8 Moreover, micronutrient deficiency has been 

linked to long-term cognitive impairment, which can have far-reaching social and economic 

consequences.9  

Assessment of micronutrient deficiencies is complicated for several reasons, including 

the potential for inflammation to impact concentrations of micronutrients (which has been 

demonstrated to both under- and overestimate micronutrient deficiency), harmonizing cutoffs 

across varied analytic methods, and lack of inclusion in population-based surveys leading to data 

gaps.2 This potentially biases current estimates and explains data gaps worldwide. Past literature 

demonstrates the need to adjust for inflammation among select micronutrients, particularly those 

that indicate iron or vitamin A deficiency.12 This study will investigate the need to adjust SFO, 

RBC folate, vitamin B-12, vitamin D, and zinc for inflammation (AGP or CRP) in SAC and 

ADL. The findings of this study will be important for informing public health interventions and 

policies aimed at addressing micronutrient deficiencies among these age groups and improving 

their long-term health outcomes. Two studies further investigating the same effect on iron and 

vitamin A are currently in process. 

Combatting nutrition-related adverse health outcomes should be among the key priorities 

of public health organizations across the globe due to their high prevalence and significant 

impact on public health, particularly in low- and middle-income countries. Current studies 

estimate that the impact of malnutrition and related conditions such as overweight or obesity, 

undernutrition, stunting and wasting, or micronutrient deficiency on the global economy is 

around $3.5 trillion and $1-2 trillion, respectively.13 The prevalence estimates of micronutrient 

deficiency is potentially affected by inflammation; past studies have demonstrated that 
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prevalence estimates may move as many as 25 percentage points after adjustment.14 This study 

will investigate the need for adjusting for inflammation by two different inflammation 

biomarkers, α1-Acid glycoprotein (AGP) and C-reactive protein (CRP) among five 

micronutrients: SFO, RBC folate, vitamin B-12, vitamin D, and zinc. Overall, a thorough 

understanding of the epidemiology, etiology, and consequences of micronutrient deficiency and 

the role that inflammation plays on specific micronutrient concentrations is necessary for the 

development of effective public health interventions and policies aimed at mitigating its impact 

on vulnerable populations.   
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Methods 

Study Design and Data Sources 

This study was an analysis of cross-sectional surveys from multiple countries acquired by 

the BRINDA project and later harmonized. A complete list of BRINDA dataset countries, 

names, and data sources and a report outlining the BRINDA project is available.159 Data for this 

analysis came from eleven countries with surveys collected from 2006 to 2016. Eligible studies 

included data from either SAC (5-15 years old) or ADL (10-20 years old) and a sample size 

greater than 100. The study sample was restricted to participants with at least one measure for 

SFO, RBC folate, vitamin B-12, vitamin D, or zinc and with data available for AGP and/or CRP. 

Twelve deidentified datasets for ADL (n = 14,711) and 7 datasets for SAC (n = 24,523) were 

included in this analysis. The protocol was determined to be non-human-subjects research by the 

Institutional Review Board at Emory University. Figure 1: Study Inclusion and Exclusion 

Criteria depicts inclusion and exclusion criteria for this study. Data sources and availability are 

presented for review in Table 9.  

Lab Methods 

Lab methods to measure biomarker and micronutrient concentrations varied by survey 

and biomarker. Methods included Sandwich ELISA, TIA Roche Hitachi 902, nephelometry, 

particle-enhanced turbidimetric immunoassay (PETIA), atomic absorption, atomic emission 

spectrometry, inductively coupled plasma mass spectrometry (ICP-MS), chemiluminescence 

immunoassay (CLIA), microbiological assay, Bio-Rad (BR) Quantaphase II radioassay, and 

high-performance liquid chromatography (HPLC). Limits of detection were largely unspecified, 

and quality assurance methods varied across datasets. Complete lab methods for the biomarkers 
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and age groups of interest are available for review in Table 11 while laboratory methods for all 

BRINDA project datasets may be downloaded from the BRINDA website.159  

Statistical Methods 

Medians and IQRs were calculated for AGP, CRP, and all five biomarkers separately for 

each survey. The prevalence of micronutrient deficiencies was calculated for all biomarkers: 

SFO < 10 nmol/L and RBC folate < 340 nmol/L160, vitamin B-12 < 150 pmol/L161, and vitamin 

D < 25 nmol/L130; zinc considered age, sex, time of blood draw, and fasting status (population 

specific cut offs for zinc are presented in Table 10.)131 . Elevated AGP was defined as 

concentrations > 1 g/L, while elevated CRP was defined as concentrations > 5mg/L.   

Spearman rank correlation coefficients between SFO, RBC folate, vitamin B-12, vitamin D, and 

zinc, and AGP or CRP in ADL and SAC were determined using the BRINDA R package, 

adjusting for complex survey design effects including cluster, strata, and biomarker-specific 

sampling weights.162 Unweighted internal deciles for AGP and CRP were calculated and 

modeled across the pooled geometric means of all five selected biomarkers, using the BRINDA 

R package to conduct the BRINDA regression adjustment analysis using the internal decile153. 

A flow chart depicting the conditional determinants for zinc adjustment is available.153 

An additional sensitivity analysis in SAC was conducted to determine the influence of 

age on the effect of inflammation on micronutrient deficiency prevalence. As age was identified 

as a potential confounder in this study, we assessed the rank correlation coefficients across 

biomarkers and AGP or CRP when split by age: ≥ 12 years old and < 12 years old.  
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Results 

Primary Analysis 

The final analytic sample contained 12 datasets from 11 different countries. Among 

ADL, median AGP values ranged from 0.2 (0.2, 0.4) in Colombia to 1.9 (1.9, 2.3) in Ecuador, 

while the prevalence of elevated AGP ranged from 1.3% in Bangladesh to 23.4% in Cote 

d’Ivoire (Table 1). Among SAC, median AGP values ranged from 0.2 (0.2, 0.7) in Colombia to 

1.9 (1.9, 2.2) in Ecuador, and the prevalence of elevated AGP ranged from 4.9% in the UK to 

15.7% in Malawi. The prevalence of elevated CRP in ADL ranged from 11.7% in Bangladesh to 

24.8% in Cote d’Ivoire. CRP status among SAC was available only in Malawi: 31.5% (27.0, 

36.2). Age, AGP, and CRP status data by median, IQR, and the percent of the survey with 

elevated AGP or CRP are available for review in Table 3. 

Median SFO concentrations among ADL ranged from 4.2 nmol/L in Cote d’Ivoire to 

37.84 nmol/L in Ecuador, while the prevalence of deficiency ranged from 0.1 (0.0, 0.2) to 88.1 

(79.1, 94.3) in Mexico and Cote d’Ivoire, respectively. No SFO deficiency was observed among 

SAC; median SFO concentrations ranged from 34.00 nmol/L in the US to 46.68 nmol/L in 

Ecuador and the prevalence of deficiency ranged from 0.0 (0.0, 0.1) in Mexico to 0.2 (0.0, 0.4) in 

the US. Median ADL RBC folate concentrations ranged from 515.00 nmol/L in Malawi to 832.1 

nmol/L in Ecuador, and the prevalence of deficiency ranged from 0.7% to 21.5% in Ecuador and 

Malawi, respectively. Median SAC RBC folate concentrations ranged from 573.00 nmol/L in the 

US to 912.74 in Ecuador, and the prevalence of deficiency ranged from 0.5% in Ecuador to 2.2% 

in the US. Median ADL vitamin B-12 concentrations ranged from 130.3 pmol/L in Pakistan to 

415.5 pmol/L in the US, and the prevalence of deficiency ranged from 0.7% to 54.8% in the US 

and Pakistan, respectively. Median vitamin B-12 concentrations for SAC ranged from 296.7 
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pmol/L in Colombia to 495.2 pmol/L in the US, and the prevalence of deficiency among SAC 

ranged from 0.1% in the US to 3.8% in Colombia. Median vitamin D concentrations of ranged 

from 40.2 nmol/L in the UK to 59.9 nmol/L in the US, and the prevalence of deficiency ranged 

from 17.5% to 30.7% in the US and the UK, respectively. Median SAC concentrations ranged 

from 46.9 nmol/L in the UK to 64.9 nmol/L in the US, and the prevalence of deficiency ranged 

from 3.9% in the US to 20.9% in the UK. No zinc deficiency was seen in either ADL or SAC. 

Six datasets were available for ADL, among whom median zinc concentrations ranged from 62.0 

ug/dL in Bangladesh to 93.3 ug/dL in the UK. The prevalence of zinc deficiency ranged from 

0.8% in the UK to 57.3% in Malawi. Four datasets were available for analysis of zinc SAC, and 

median zinc concentration ranged from 61.1 ug/dL in Malawi to 93.1 ug/dL in the UK. The 

prevalence of deficiency among SAC ranged from 0.4% in the UK to 57.0% in Malawi. 

Micronutrient status data by median (IQR) and the percent of each survey deficient are available 

for review in Table 4. 

There were few significant relationships between micronutrient and inflammation 

biomarkers. No significant results were observed between SFO and AGP in ADL or SAC, RBC 

folate and AGP in ADL or SAC, RBC folate and CRP in ADL or SAC, or vitamin B-12 and 

AGP in ADL or SAC. Serum folate and CRP had significant negative correlations in two of nine 

ADL datasets (Ecuador, r = -0.08; US, r = -0.07) and one of three SAC datasets (US, r = -0.06) 

and no significant positive associations in either ADL or SAC. Vitamin B-12 and CRP had 

significant negative correlations in two of the nine ADL datasets (Malawi, r= –0.18; US, r= -

0.09) and no negative correlations among five SAC datasets. However, vitamin B-12 and CRP 

had significant positive correlations in Mexico for both ADL (r = 0.13) and SAC (r = 0.10). 

Vitamin D and CRP were significantly negatively associated in one of two SAC datasets (US, r = 
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–0.06) but not among ADL. No significant positive correlations were observed among SAC or 

ADL. Zinc and AGP were significantly negatively associated in the one dataset available for 

SAC in Malawi (r = –0.18). Zinc and CRP were significantly negatively associated in one out of 

six datasets for ADL in the UK (r = -0.18). No significant positive correlations were observed. 

Zinc and CRP were significantly negatively associated in two of four associations for SAC in 

Ecuador (r = -0.06) and Malawi (r = -0.19.) No significant positive correlations were observed in 

this group. Rank correlation coefficients for each micronutrient by AGP and/or CRP are 

available for review in Table 5.  

SFO geometric means varied by CRP decile, and geometric means for ADL females were 

consistently and visibly below ADL males and both SAC groups across deciles. Values for ADL 

males and females were consistently below those of SAC for SFO and CRP. When considering 

geometric means of vitamin B-12 across CRP deciles, SAC were above those of ADL for both 

sex groups, and SAC females were consistently above the other three groups. For RBC folate 

and CRP, geometric means for ADL females were lower than the three other groups across 

deciles and SAC males were consistently higher than the three other groups. ADL values were 

generally lower than SAC values, though less consistently than in other observations. In 

considering vitamin D across CRP deciles, geometric means for ADL females were consistently 

and visibly lower than the three other groups, while values for SAC males were consistently 

higher than the three other groups. When considering both sex groups, ADL values were not 

consistently lower than SAC values. Noise was significant across deciles for zinc and AGP. For 

zinc and CRP, values for SAC and ADL were more clustered across deciles than in other 

analyses. Values for ADL females were consistently below those of other groups. No other clear 

patterns were visible. Across all decile plots, geometric means did not clearly differ across 
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deciles, indicating no clear difference in micronutrient concentration with increase or decrease in 

inflammation. Decile plots are available for review in Figure 3 and Figure 4.  

Sensitivity Analysis 

A sensitivity analysis stratified SAC by age: ≥ 12 years old and < 12 years old. Median 

AGP values among children ≥ 12 years old and children < 12 years old were identical to those of 

SAC 5-15 years. The prevalence of elevated AGP was 0.9% higher in children ≥ 12 years old 

than SAC overall. The prevalence of elevated AGP was 3.8% and 1.5% lower among children < 

12 years old than SAC. The median CRP level among children ≥ 12 years old was 4.5% higher 

than SAC. The median CRP level among children < 12 years old in Malawi was 15% lower than 

SAC. These values are available for review in Table 6.  

Median SFO concentrations ranged from 36.20 nmol/L in the US (2006) to 50.08 nmol/L 

in Ecuador (2012) for SAC >= 12 years old. For SAC < 12 years old, median SFO 

concentrations ranged from 29.20 nmol/L in the US (2006) to 39.43 nmol/L in Ecuador (2012). 

Median RBC folate concentrations ranged from 591.20 nmol/L in the US (2006) to 954.89 

nmol/L in Ecuador (2012) for SAC >= 12 years old. For SAC < 12 years old, median RBC folate 

concentrations ranged from 536.80 nmol/L in the US (2006) to 824.37 nmol/L in Ecuador 

(2012). Median vitamin B-12 concentrations ranged from 301.10 pmol/L in Colombia (2010) to 

542.43 pmol/L in the US (2006) for SAC >= 12 years old. For SAC < 12 years old, median 

vitamin B-12 concentrations ranged from 273.80 pmol/L in Colombia (2010) to 414.76 pmol/L 

in the US (2006). Median vitamin D concentrations ranged from 49.00 nmol/L in the UK (2014) 

to 64.90 nmol/L in the US (2006) for SAC >= 12 years old. For SAC < 12 years old, median 

vitamin D concentrations ranged from 40.10 nmol/L in the UK (2014) to 57.41 nmol/L in the US 

(2006).  Median zinc concentrations ranged from 59.38 μg/dL in Malawi (2016) to 93.14 μg/dL 
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in the UK (2014) for SAC >= 12 years old. For SAC < 12 years old, median zinc concentrations 

ranged from 62.50 μg/dL in Malawi (2016) to 91/37 μg/dL in the UK (2014). The prevalence of 

deficiency was below 0.5% across all observations for SFO, ranged from 0.1% (0.0, 0.3) to 1.2% 

(0.8, 1.6) in children >= 12 years old and 1.4% (0.7, 2.4) to 4.4% (3.1, 5.9) in children < 12 years 

old for RBC folate, from 0.0% (0.0, 0.1) to 2.9% (2.3, 3.4) in children >= 12 years old and 0.1% 

(0.0, 0.3) to 4.6% (3.1, 6.6) in children < 12 years old for vitamin B-12, from 2.2% (1.6, 3.0) to 

17.6% (12.7, 23.4) in children >= 12 years old and 7.4% (5.5, 9.8) to 32.5% (23.5, 42.5) in 

children < 12 years old for vitamin D, and from 0.4% (0.0, 1.7) to 60.0% (51.2, 68.4) in children 

>= 12 years old and 0.5% (0.0, 2.0) to 58.0% (47.4, 68.2) in children < 12 years old for zinc. All 

median concentrations and prevalence of deficiency are available for review in Table 7.  

Like the main analysis, few significant correlations were observed. Three correlations 

between SFO and CRP were recorded for children ≥ 12 years old: one significant negative 

correlation was observed in Ecuador (r = -0.09). Neither of the two observations for children < 

12 years old were significant. Two correlations between RBC folate and CRP were observed in 

children ≥ 12 years old and children < 12 years old; neither were significant. Five correlations 

were observed between vitamin B-12 and CRP: five correlations existed for children ≥ 12 years 

old and two (both positive) were significant in Mexico (r = 0.10) and Colombia (r = 0.05). None 

of the four correlations for children < 12 years old were significant. Two correlations existed 

before vitamin D and CRP for children ≥ 12 years old; one negative correlation was significant 

in the US (r = -0.07). Two correlations were recorded for children < 12 years old, though neither 

were significant. One observation was recorded between zinc and AGP for children ≥ 12 years 

old. This singular observation was significant and negative in Malawi (r = -0.23). The one 

observation between zinc and AGP for children < 12 years old was not significant. Finally, four 
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correlations existed between zinc and CRP for children ≥ 12 years old. The two significant 

correlations were both negative in Ecuador (r = -0.07) and Malawi (r = -0.26). Three 

observations were recorded for children < 12 years old; none were significant. All rank 

correlation coefficients are available for review in Table 8.  

Geometric means were plotted across deciles for children ≥ 12 years old and < 12 years 

old. AGP deciles were available only for zinc, though no clear pattern was visible. Values for 

children ≥ 12 years old were higher than those of children < 12 years old across CRP deciles in 

all five biomarkers. Females ≥ 12 years old saw the highest geometric means across CRP deciles, 

followed by males ≥ 12 years old, males < 12 years old, and females < 12 years old for SFO and 

vitamin B-12. Males ≥ 12 years old saw the highest geometric means across CRP deciles, 

followed by females ≥ 12 years old, males < 12 years old, and females < 12 years old for RBC 

folate, vitamin D, and zinc. Among children ≥ 12 years old, female values were higher across 

deciles in SFO and vitamin B-12, while male values were higher for vitamin D and RBC folate. 

Among children < 12 years old, female values for vitamin B-12 were higher than those of males, 

while male values were consistently higher in SFO, RBC folate, and vitamin D. Similarly to the 

previous decile analysis, geometric means did not clearly differ across deciles, indicating no 

clear difference in micronutrient concentration with increase or decrease in inflammation. The 

complete deciles plots for the sensitivity analysis are available for review in Figure 5 and Figure 

6. 
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Discussion 

The results of this multi-country analysis, which involved 39,234 ADL and SAC, indicate 

that there are weak and inconsistent correlations between inflammation markers CRP or AGP 

and micronutrient biomarkers SFO, RBC folate, vitamin B-12, vitamin D, and zinc. The 

correlations observed were usually either weak (r < 0.20) or not statistically significant, with few 

significant correlations ranging from -0.19 to 0.13 and demonstrating inconsistent directionality. 

No clear pattern of association was found between inflammation deciles (AGP or CRP) and 

micronutrient biomarkers. These findings suggest that there is no clear rationale to support 

adjusting for inflammation when estimating the prevalence of SFO, RBC folate, vitamin B-12, 

vitamin D, or zinc deficiencies in ADL or SAC. 

Prior studies have demonstrated a similar result for several of the micronutrients 

considered in this analysis, though primarily in WRA and PSC. One showed that there was no 

rationale to adjust for inflammation when determining the population prevalence of deficiency of 

vitamin B-12 and folate among WRA or PSC.144 The BRINDA project has demonstrated 

rationale to adjust for inflammation by either AGP or CRP in PSC for RBP,82 serum retinol, 

serum ferritin,125 sTfR,128 and serum zinc.131 Among WRA, rationale exists to adjust for 

inflammation for serum ferritin125 and sTfR.128 Excluding serum zinc (which only suggested that 

conditional adjustment was necessary, signifying that further research is necessary), none of the 

five micronutrients considered in this analysis have demonstrated the need for adjustment among 

PSC or WRA, showing consistency across numerous studies and population groups.154 

This study expands the body of literature examining the role of AGP and CRP on SFO, 

RBC folate, vitamin B-12, vitamin D, and zinc concentrations into population groups for SAC 

and ADL. It is one of the largest to date, using data from eleven countries across the globe and 
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potentially increasing the generalizability of our findings to those countries whereas most papers 

only investigate one country. Likewise, the volume of micronutrient biomarkers analyzed will 

allow resources to be directed toward expanded investigation of other micronutrient and 

inflammation biomarkers, age groups, and populations.  

This analysis had several limitations. Surveys included in this analysis had a limited 

number of children with complete measures for CRP, AGP, and one nutritional biomarker, 

samples were not selected to be nationally- or regionally-representative for SAC or ADL, and 

data availability was particularly limited for ADL males, AGP in SAC, as well as for RBC folate 

and vitamin D biomarkers. It is possible that results would differ across biomarkers with 

increased data availability. Research gaps should be filled by further research using expanded 

datasets if possible to increase data availability. Finally, laboratory methods varied across the 12 

surveys included in this analysis: multiple biomarkers may be used to assess deficiency status in 

select micronutrients and methods varied by survey. To account for this, data from each survey 

were analyzed individually. This study did not consider the role that malarial infection can play 

on concentrations of the selected micronutrients due to limited data on malaria within the surveys 

used. Limits of detection were largely unavailable for the surveys used. No analysis was done on 

the impact of existing intervention programs or recent illness as this was outside of the scope of 

current research.  

Overall, this multi-country analysis showed weak and inconsistent correlations between 

inflammation biomarkers AGP and CRP and SFO, RBC folate, vitamin B-12, vitamin D, or zinc, 

indicating no rationale to adjust for inflammation when estimating population prevalence of 

related deficiencies in SAC or ADL. Understanding the role of inflammation on micronutrient 

biomarker concentrations has important public health implications. Inflammation is a common 
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occurrence in many chronic diseases and infections, and its presence can impact the 

interpretation of biomarkers used to assess micronutrient status. Failing to account for 

inflammation when estimating population-level micronutrient deficiencies could lead to 

inaccurate estimations of the prevalence of deficiencies and hinder the development of effective 

interventions. Adjusting for inflammation could also help identify subpopulations with higher 

risk of micronutrient deficiencies, guide targeted public health interventions, and improve the 

effectiveness of nutrition programs. Therefore, it is critical to consider the potential impact of 

inflammation when assessing micronutrient status and to develop standardized approaches for 

adjusting for inflammation to accurately estimate the prevalence of micronutrient deficiencies in 

populations.
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Chapter 4: Discussion 

Overview 

This multi-country analysis of 39,234 ADL and SAC showed weak and inconsistent 

correlations between inflammation (CRP or AGP) and SFO, RBC folate, vitamin B-12, vitamin 

D, or zinc. All correlations were weak (r < 0.20) or non-significant. Statistically significant 

correlations ranged from -0.19 to 0.13, demonstrating inconsistent directionality. No clear 

pattern of association was observed between inflammation deciles (AGP and CRP) and 

micronutrient biomarkers. As a result, this study demonstrates no clear rationale to adjust for 

inflammation when estimating population prevalence of serum folate, RBC folate, vitamin B-12, 

vitamin, or zinc deficiencies in SAC or ADL. 

Prior studies (summarized in Table 12) have demonstrated a similar result for several of 

the micronutrients considered in this analysis though in different populations, one showing that 

there was no rationale to adjust for inflammation when determining the population prevalence of 

deficiency of vitamin B-12 and folate among WRA or PSC.144 Currently, the BRINDA project 

has demonstrated rationale to adjust for inflammation by either AGP or CRP in PSC for RBP,82 

serum retinol, serum ferritin,125 sTfR,128 and serum zinc.131 Among WRA, rationale exists to 

adjust for inflammation for serum ferritin125 and sTfR.128 Excluding serum zinc, none of the five 

micronutrients considered in this analysis have demonstrated the need for adjustment among 

PSC or WRA, showing consistency across numerous studies and population groups.154 It is 

important to note that conditional recommendations have been made for adjustment by AGP or 

CRP for serum zinc among PSC as it is recommended to perform both correlation and decile 

analyses using data from a specific PSC population. The strength and significance of the 

correlation coefficient between serum zinc and CRP or AGP as well as visual inspection of the 
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decile plots is needed to corroborate increasing prevalence of zinc deficiency by CRP or AGP 

decile.131  

Inflammation and micronutrients are intrinsically linked: malnutrition increases the 

likelihood and severity of inflammation. Conversely, inflammation impairs nutritional status via 

reduced intestinal absorption, more nutrient sequestration from the bloodstream, and decreased 

utilization within tissues.163 Inflammation is a complex physiological response that plays a 

crucial role in host defense against infection and injury but can also disrupt micronutrient 

homeostasis, leading to deficiencies in essential micronutrients. Micronutrient deficiency can 

compromise the growth and development of children and adolescents. The public health 

significance of inflammation on this vulnerable population underscores the need for effective 

strategies to mitigate its adverse effects on micronutrient status and health outcomes. Across all 

datasets used in this analysis, the median CRP concentration was 0.5 g/L and the median AGP 

concentration was 0.8 mg/L.  

Biological Rationale 

Though bidirectional associations exist between SFO, RBC folate, vitamin B-12, vitamin 

D, and zinc and inflammation biomarkers AGP and CRP exist showing potential biological 

rationale for adjusting these micronutrient biomarkers for inflammation, studies show varying 

results. One study demonstrated a link between reduced folate concentrations and inflammation 

while another demonstrated the inverse.132 Similar findings exist for vitamin D: while there is an 

association between inflammation and lower vitamin D concentrations due to the sequestration 

of vitamin D in adipose tissue and therefore reduced absorption,145 and increased 24-hydroxylase 

leading to conversion of 25(OH)D into the biologically inactive metabolite 24,25-

dihydroxyvitamin D,147 past analyses, like this one, have deemed adjustment unnecessary.149 
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Finally, though inflammatory cytokines IL-1 and TNF-α do have the capability to reduce zinc 

concentrations in the body,150 inflammation may lead to the upregulated expression of ZIP14,151 

and while previous studies have demonstrated rationale for adjustment in PSC, this study and 

others have yet to demonstrate the need to adjust in the selected population groups.131 

Two populations met the conditional determinants for zinc adjustment and showed 

significant results. Both groups were derived from the Malawi (2016) datasets: SAC showed a 

rank correlation coefficient of -0.18 and children ≥ 12 years old showed a rank correlation 

coefficient of -0.23. Therefore, further research may recommend adjusting serum zinc for 

inflammation by AGP and CRP if both inflammation biomarkers are available. Adjustment by 

only one biomarker may be sufficient if only one biomarker is available. However, further 

analysis must be completed prior to expanding recommendations on zinc adjustments for 

SAC/ADL populations. 

Next Steps 

Suggested Cutoffs 

Debate remains within the nutrition community regarding cutoffs for deficiency. For 

example, the Institute of Medicine defines deficiency as vitamin D < 30 nmol/L, whereas the 

Endocrine Society and European Food Safety Authority use vitamin d < 50 nmol/L. Cut offs also 

range depending on age group. Work is being done to determine appropriate cutoffs levels for 

hemoglobin to define anemia.164 One study recommends investing cutoffs for serum vitamin B-

12, 25-hydroxyvitamin D, MMA, and RBP. It also recommend continued work on biomarkers of 

zinc status.165 Further research must be done to determine ideal deficiency cutoffs across all 

micronutrient biomarkers.  



 51 

Clinical Trial Design 

Ideally, the impact of the bidirectional associations between inflammation and 

micronutrient biomarkers would be studied in a clinical trial setting to rule out a lack of precision 

in survey data collection and analysis. A study is suggested with builds upon Williams et al.’s 

study which investigated changes in micronutrient and inflammation serum biomarker 

concentrations after a norovirus human challenge in a hospital setting, though several conditions 

are adjusted.149 Free-living participants would be randomized into two groups, a low 

inflammation group and a high inflammation group. The low inflammation group would receive 

a standard diet containing adequate amounts of micronutrients, while the high inflammation 

group will receive a similar diet with additional inflammatory stimuli. This can be achieved by 

supplementing their diet with a pro-inflammatory agent like lipopolysaccharide or through 

administering an inflammatory stimulus like the influenza vaccine. For both groups, the primary 

outcome would be changes in micronutrient biomarkers. Baseline data on demographic, 

anthropometric, and clinical characteristics would be collected for each participant. 

Micronutrient biomarkers would be measured at baseline and at the end of the study period. 

Inflammatory markers would be measured at baseline, during the intervention period, and at the 

end of the study period. After controlling for confounding factors such as age, sex, BMI, existing 

inflammatory conditions, existing micronutrient deficiency, diet, altitude, and UVB radiation 

exposure, the BRINDA inflammation adjustment method would be applied to determine the role 

of inflammation on micronutrient biomarkers in participants who have undergone the stimulation 

of an inflammatory response versus those who have not.  
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Study Strengths  

The present analysis is strong in several ways: it is the first of its kind to consider the role 

of AGP and CRP on SFO, RBC folate, vitamin B-12, vitamin D, and zinc concentrations in SAC 

and ADL. This study is one of the largest to date, using data from eleven countries across the 

globe including low-, middle-, and high-income countries potentially increasing the 

generalizability of our findings to the eleven countries studied in comparison to most papers 

which only investigate one country. While numerous studies have been published indicating the 

need to adjust for inflammation in select micronutrients, the five micronutrients investigated here 

do not appear to require adjustment among ADL and SAC. Additionally, because five 

micronutrient biomarkers were analyzed, resources can be directed toward expanded 

investigation of other micronutrient and inflammation biomarkers, age groups, and populations. 

Accurate estimates are essential to effective program planning and implementation. The public 

health significance of this is tremendous: the prevalence of deficiency of these micronutrients 

varies drastically across the globe, indicating that effective interventions are critical to the 

wellbeing of populations worldwide. 

Study Limitations 

This study also had significant limitations. The potential for laboratory error in studying 

the micronutrient biomarkers assessed is vast. Data for this study came from eleven countries, all 

with varying degrees of medical infrastructure: several micronutrients investigated in this 

analysis require pristine laboratory conditions for analysis that is both valid and precise. Despite 

the existence of quality assurance across all surveys included in this analysis, it must be 

understood that human error may have compromised survey data. 
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 Large data gaps existed in terms of sample size, lack of representation in other regions, 

and lack of representation of differing groups across surveys. For example, data were limited for 

male participants. Data availability was limited for RBC folate and vitamin D across both 

population groups. AGP data was also limited among SAC in particular, restricting analysis to 

Malawi only. Still, twelve surveys were considered in this analysis, twelve for ADL and seven 

for SAC. It is possible that results would differ across biomarkers with increased data 

availability, particularly for CRP in SAC. This study did not consider the role that malarial 

infection can play on concentrations of the selected micronutrients due to limited data on malaria 

within the surveys used. Malaria has been linked to increased inflammation and oxidative 

stress.166 Limits of detection were largely unavailable for the surveys used, a limitation that 

should be addressed in future research. No analysis was done on the impact of existing 

intervention programs or recent illness as this was outside of the scope of current research which 

focused solely on determining the necessity of adjusting micronutrient biomarkers for 

inflammation to determine population prevalence estimates. Finally, laboratory methods varied 

across the twelve surveys included in this analysis: multiple biomarkers may be used to assess 

deficiency status in select micronutrients and methods varied by survey. To account for this, data 

from each survey were analyzed individually. 

Conclusions 

This multi-country analysis of 39,234 ADL and SAC showed weak and inconsistent 

correlations between inflammation and SFO, RBC folate, vitamin B-12, vitamin D, or zinc, 

indicating no rationale to adjust for inflammation when estimating population prevalence of 

related deficiencies in SAC or ADL. This study and previous analyses have deemed adjustment 

to be unnecessary for the five investigated micronutrients. Although limitations exist, including 
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data availability and differing laboratory methods across surveys, this study's strength lies in its 

multi-country analysis and consideration of numerous micronutrients by two different 

inflammation biomarkers, enhancing the generalizability of findings. This study can serve as a 

methodological road map for public health researchers in determining the impact of 

inflammation on micronutrient concentrations in select populations. Public health practitioners 

will be able to use the accurate prevalence estimates presented in this current analysis to 

advocate for effective strategies to mitigate the adverse effects of micronutrient deficiency and 

health outcomes among vulnerable populations.
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Supplementary Materials 

Table 1: Prevalence of deficiency for each country included in the analysis for PSC and non-pregnant women* 

 Folate deficiency Vitamin B-12 
deficiency 

Vitamin D deficiency Zinc deficiency Any core deficiency (iron, 
zinc, or vitamin A) 

Survey, year      
PSC      
Azerbaijan, 2013 - - - 17% (14–20) 40% (36–44) 
Bangladesh, 2011 - - - 32% (24–41) 52% (41–63) 
Cote d’Ivoire, 2007 - - - - 63% (54–73) 
Ecuador, 2012 8% (7–10) - - 28% (25–31) 43% (40–46) 
Malawi, 2015-2016 - - - 61% (55–67) 74% (69–78) 
Mexico, 2006 - 3% (1–4) - 27% (24–32) 58% (52–63) 
Mexico, 2012 1% (0–1) 0% (0–1)   46% (38–54) 
Pakistan, 2011 - - 13% (12–15) 40% (38–42) 86% (85–87) 
UK, 2008-2019 2% (1–5) 0% (0–2) 12% (7–20)  48% (33–63) 
Vietnam, 2010 7% (4–13) - 14% (10–19) 56% (50–61) 66% (61–71) 
NPW      
Azerbaijan, 2013 35% (31–39) 20% (16–24) - - 76% (66–85) 
Bangladesh, 2011 84% (79–87) 20% (16–24) - 41% (35–48) 76% (66–85) 
Cote d’Ivoire, 2007 91% (88–94) 18% (12–26) - - 96% (93–99) 
Ecuador, 2012 10% (9–11) 1% (1–2)  57% (55–59) 68% (66–69) 
Malawi, 2015-2016 23% (18–29) 13% (9–17) - 58% (52–64) 72% (67–77) 
Mexico, 2006 - - - 29% (25–34) 61% (54–68) 
Mexico, 2012 3% (2–4) 2% (1–2) - - 67% (55–79) 
Pakistan, 2011 - 52% (50–55) 31% (29–33) 46% (44–48) 78% (72–84) 
UK, 2008-2019 19% (16–22) 7% (5–9) 22% (19–25) 10% (8–12) 43% (39–46) 
Vietnam, 2010 22% (19–25) 12% (9–15) 9% (7–13) 67% (63–71) 78% (74–81) 

* Modified from Stevens et al. Lancet Global Health 2022 Nov; 10(11). PSC, preschool-age children 6-59 months old; NPW, non-
pregnant women aged 15-49 years 
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Table 2: Prevalence of people with deficiencies in one more of three core micronutrients from 2003-2019* 

 Prevalence of any 
deficiency in children age 6-
59 months, % (95% UI) 

Prevalence of any deficiency in 
non-pregnant women age 15-49 
years, % (95% UI) 

World 56% (48-64) 69% (59-78) 
East Asia and the Pacific 58% (42-75) 72% (52-88) 
Europe and central Asia 45% (27-64) 68% (46-86) 
High-income countries 45% (25-68) 48% (26-73) 
Latin American and the 
Caribbean 

48% (38-58) 63% (47-79) 

Middle East and north Africa 53% (26-78) 68% (34-93) 
South Asia 57% (46-68) 74% (61-85) 
Sub-Saharan Africa 62% (53-72) 80% (70-89) 

* Modified from Stevens et al. Lancet Global Health 2022 Nov; 10(11). 
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Figure 1: Study Inclusion and Exclusion Criteria 
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Table 3: Age, AGP, and CRP status in adolescents and school-age children 
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Table 4: Serum folate, RBC folate, vitamin B-12, vitamin D, and zinc status in adolescents and school-age children 
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Table 5: Rank correlation coefficient between serum folate, red blood cell folate, vitamin B-12, vitamin D, and zinc and AGP or CRP 
in adolescents and school-age children  
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Figure 3: Estimated geometric means of (A) serum folate by AGP, (B) serum folate by CRP, (C) 
vitamin B12 by AGP, (D) vitamin B12 by CRP, (E) RBC folate by AGP and (F) RBC folate by 
CRP in school-age children by sex and age group  
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Figure 4: Estimated geometric means of (A) serum folate by AGP, (B) serum folate by CRP, (C) 
vitamin B12 by AGP, (D) vitamin B12 by CRP, (E) RBC folate by AGP and (F) RBC folate by 
CRP in school-age children by sex and age group. AGP, α1-Acid glycoprotein; CRP, C-reactive 
protein.  
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Table 6: Age, AGP, and CRP status in school-age children by age 
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Table 7: Serum folate, RBC folate, vitamin B-12, vitamin D, and zinc status in school-age children by age group 
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Table 8: Rank correlation coefficient between serum folate, red blood cell folate, vitamin B-12, vitamin D, and zinc and AGP or CRP 
in school-age children by age group.  
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Figure 5: Estimated geometric means of (A) serum folate by AGP, (B) serum folate by CRP, (C) 
vitamin B12 by AGP, (D) vitamin B12 by CRP, (E) RBC folate by AGP and (F) RBC folate by 
CRP in school-age children by sex and age group. AGP, α1-Acid glycoprotein; CRP, C-reactive 
protein.  
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Figure 6: Estimated geometric means of (A) vitamin D by AGP, (B) vitamin D by CRP, (C) zinc 
by AGP, (D) zinc by CRP in school-age children by age group and sex. AGP, α1-Acid 
glycoprotein; CRP, C-reactive protein. 
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Table 9: Data Sources and Availability167 
Country 
(year) 

Survey Name SFO RBC 
Folate 

Vitamin B-
12 

Vitamin 
D 

Zinc Data Source 

Azerbaijan 
(2013) 

Azerbaijan 
Nutrition 
Survey 
(AzNS) 

ADL - ADL - - UNICEF; Ministry of Health of the Republic 
of Azerbaijan. Azerbaijan Nutrition Survey 
(AzNS); 2013. 

Bangladesh 
(2012) 

National 
Micronutrien
t Survey 
2011-2012 

ADL - ADL - ADL Institute of Public Health Nutrition 
(Bangladesh); UNICEF; iicddr,b; GAIN. 
National Micronutrient Survey 2011-12, Final 
Report. Dhaka, Bangladesh; 2012. 

Colombia 
(2010) 

Columbia 
National 
Survey of the 
Nutrition 
Situation 

- - ADL, SAC - - Columbian Family Welfare Institute; Ministry 
of Social Protection (Columbia); National 
Institute of Health (Columbia); Profamilia 
(Columbia). Colombia National Survey of the 
Nutritional Situation (ENSIN); Bogotá, D.C., 
2010. 

Cote 
D’Ivoire 
(2007) 

Cote 
D’Ivoire 
multiple 
indicator 
cluster 
survey 2006 

ADL - - - - Rohner, F.; Tschannen, A. B.; Northrop-
Clewes, C.; Kouassi-Gohou, V.; Bosso, P. E.; 
Mascie-Taylor, N. Comparison of a 
Possession Score and Poverty Index in 
Predicting Anaemia and Undernutrition in 
Pre-School Children and Women of 
Reproductive Age in Rural and Urban Cote 
d’Ivoire. Public Health Nutrition 2012, 15 (9), 
1620–1629. 

Ecuador 
(2012) 

Ecuador’s 
National 
Health and 
Nutrition 
Survey 

ADL, 
SAC 

ADL, SAC ADL, SAC - ADL, 
SAC 

Freire, W. B.; Belmont, P.; Lopez-Cevallos, 
D. F.; Waters, W. F. Ecuador’s National 
Health and Nutrition Survey: Objectives, 
Design, and Methods. Annals of 
Epidemiology 2015, 25 (11), 877–878. 



 70 

Malawi 
(2016) 

Malawi 
Demographic 
and Health 
Survey 2015-
2016 

ADL ADL ADL - ADL, 
SAC 

National Statistics Office (NSO); ICF. 
Malawi Demographic and Health Survey 
2015-2016; 2016. 

Mexico 
(2006) 

Encuesta 
Nacional de 
Salud y 
Nutrición 
2006 

- - - - ADL, 
SAC 

Abúndez, C. O.; Cázares, G. N.; Cordero, C. 
J.; Zetina, D. A.; Angona, S. R.; de Voghel 
Gutiérrez, S.; Rivera-Dommarco, J. Encuesta 
Nacional de Salud y Nutrición 2006 [National 
Health and Nutrition Survey 2006].; 2006. 

Mexico 
(2012) 

Encuesta 
Nacional de 
Salud y 
Nutrición 
2012. 
Resultados 
Nacionales 

ADL, 
SAC 

- ADL, SAC - - Gutiérrez, J. P.; Rivera-Dommarco, J.; 
Shamah-Levy, T.; Villalpando-Hernández, S.; 
Franco, A.; Cuevas-Nasu, L.; Romero-
Martínez, M.; Hernández-Ávila, M. Encuesta 
Nacional de Salud y Nutrición 2012. 
Resultados Nacionales [National Health and 
Nutrition Survey 2012. National Results]; 
2012. 

Pakistan 
(2011) 

Pakistan 
National 
Nutrition 
Survey 2011 

ADL - ADL - - Bhutta, Z. A.; Soofi, S. B.; Zaidi, S. S.; 
Habib, A. Pakistan National Nutrition Survey 
2011; 2011. 

United 
Kingdom 
(2014) 

National Diet 
and Nutrition 
Survey 
Results 

- - ADL, SAC ADL, 
SAC 

ADL, 
SAC 

Public Health England; Food Standards 
Agency. National Diet and Nutrition Survey 
Results from Years 5 and 6 (Combined) of the 
Rolling Programme (2012/2013 - 2013/2014); 
2016. 

USA (2006) National 
Health and 
Nutrition 
Examination 
Survey 2003-
2006 

ADL, 
SAC 

ADL, SAC ADL, SAC ADL, 
SAC 

- CDC. Second National Report on 
Biochemical Indicators of Diet and Nutrition 
in the US Population; 2012. 



 71 

Vietnam 
(2010) 

2010 
micronutrient 
status survey 

ADL - - - ADL Laillou, A.; Van Pham, T.; Tran, N. T.; Le, H. 
T.; Wieringa, F.; Rohner, F.; Fortin, S.; Bach 
Le, M.; Tran, D. T.; Moench-Pfanner, R.; 
Berger, J. Micronutrient Deficits Are Still 
Public Health Issues among Women and 
Young Children in Vietnam. PLoS ONE 
2012, 7 (4). 
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Table 10: Suggested lower* cutoffs for the assessment of serum zinc**81 
Time of measurement Serum zinc (µg/dL [µmol/L])1 
 < 10 years old ≥ 10 years old 
  Females Males 
Morning fasting2 NA 70 (10.07) 74 (11.3) 
Morning non-fasting 65 (9.9) 66 (10.1) 70 (10.7) 
Afternoon 57 (8.7) 59 (9.0) 61 (9.3) 

* 2.5% percentiles 
** For use in population studies, derived from NHANES II 
NA, not available 
1 Conversion factor: µmol/L = g/dL = 6.54. 
2  Based on data from subjects aged ≥ 20 years. 
 
Table 11: Laboratory methods by biomarker and age group 
 Adolescent methods School-age children methods 
AGP Sandwich ELISA, TIA (Roche Hitachi 

902) 
Sandwich ELISA 

CRP Sandwich ELISA, TIA (Roche Hitachi 
902), PETIA, nephelometry 

Sandwich ELISA, TIA (Roche Hitachi 902), 
PETIA, nephelometry 

Serum folate BR Quantaphase II radioassay, CLIA, 
CMIA, ECLIA, microbiological assay 

CLIA, CMIA, BR Quantaphase II radioassay 

RBC Folate BR Quantaphase II radioassay, CLIA CLIA, BR Quantaphase II radioassay 
Vitamin B-
12 

CLIA, CMIA, ECLIA, immunoassay, 
microbiological assay 

CLIA, CMIA, immunoassay 

Zinc AAFS, AAS, atomic emission 
spectrometry, ICP-MS, ICP-OES 

AAS, atomic emission spectrometry, ICP-
MS, ICP-OES 

 
 
Table 12: When to apply the BRINDA inflammation adjustment method and by AGP and/or 
CRP134 
 WRA PSC SAC 
Retinol binding 
protein and retinol 

X CRP and AGP X 

sTfR AGP AGP X 
Ferritin CRP and AGP CRP and AGP X 
Zinc X CRP and AGP * 
Folate X X * 
RBC Folate X X * 
Vitamin B-12 X X * 

* Indicates that more research is needed to determine the need for adjustment; “X” indicates that 
adjustment is not recommended 
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