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Abstract

Background: RBC folate (RBF) is an indicator of folate status and risk of neural-tube defects. It 

is calculated from whole blood folate (WBF), serum folate (SFOL), and hematocrit (Hct). SFOL 

and/or Hct are sometimes unavailable; hemoglobin (Hb) is generally available in surveys.

Objectives: We assessed the ability of different RBF approximations to generate population data 

in women aged 12–49 y.

Methods: Using SFOL, RBF, Hct, Hb, and mean corpuscular Hb content (MCHC) from 

prefortification (1988–1994) and postfortification (1999–2006, 2007–2010) NHANES we applied 

6 approaches: #1) assume SFOL = 0; #2) impute SFOL (population median); #3) impute Hct 

(population median); #4) estimate Hct (Hb/MCHC); #5) assume SFOL = 0 and estimate Hct; and 

#6) predict SFOL (from WBF) and estimate Hct. For each approach, we calculated the paired 

percentage difference to the “true” RBF and estimated various statistics.

Results: For 2007–2010 (unweighted data), the median relative difference from “true” RBF 

was lowest for approaches #2 (−0.74%), #4 (−0.96%), and #6 (−1.15%), intermediate for #3 

(−3.36%), and highest for #5 (4.96%) and #1 (5.78%). The 95% agreement limits were smallest 

for approach #1 (2.33%, 13.0%) and largest for #3 (−20.8%, 11.3%). Approach #2 showed 

concentration-dependence (negative compared with positive differences at low compared with 

high RBF). Using weighted data, we found similar patterns across approaches for mean relative 

differences by demographic subgroup for all 3 time periods.
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Conclusions: We obtained the best agreement between estimated and “true” RBF when we 

predicted SFOL using a regression equation obtained from a subset of samples (approach #6). 

Alternatively, the consistent overestimation of RBF when assuming SFOL = 0 (~6%) could be 

addressed by adjusting the data (approach #5). Similar observations for pre- and postfortification 

periods suggest applicability to low and high folate status situations, but should be confirmed 

elsewhere. To estimate RBF, at least WBF and Hb are needed. Am J Clin Nutr 2020;111:601–612.
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Introduction

National nutrition surveys often assess folate status because folate deficiency and 

insufficiency cause public health problems such as increased risks of megaloblastic anemia 

and neural-tube defects (NTDs), respectively (1). An insufficiency cutoff for RBC folate 

(RBF) concentrations in women of reproductive age has been available since 2015 to assess 

the risk of NTDs (2). Countries have become more interested in assessing population folate 

status and monitoring the effects of folate interventions. There are limitations in using 

plasma folate as an indicator of NTD risk, because the relation between RBF and plasma 

folate is modified by BMI, genotype, and substantially by low plasma vitamin B-12 (3).

RBF is a good indicator of tissue stores and long-term status (4). Typically, whole blood is 

hemolyzed with ascorbic acid solution followed by prompt freezing of the hemolysate. To 

accurately calculate RBF (conventional formula), the measured whole blood folate (WBF) 

is corrected for the serum folate (SFOL) contribution and normalized to the proportion of 

packed red cells as measured by hematocrit (Hct), i.e., [WBF − SFOL*(1 − Hct)]/Hct. This 

requires extra resources in terms of specimen volume (to ensure sufficient blood for serum 

and whole blood hemolysate), time, and cost (to conduct the analysis of Hct and folate for 2 

specimens for thousands of samples).

Thus, the question has arisen as to whether acceptably accurate RBF results can be obtained 

using different approaches. This is relevant to the nutrition community and particularly to 

low- and middle-income countries planning nutrition surveys. Because SFOL concentrations 

are much lower than those of RBF, using a simplified RBF calculation formula that ignores 

SFOL (i.e., assumes SFOL = 0) is an option (5, 6). However, failure to correct RBF for the 

SFOL contribution can give a false picture of the clinical folate status, especially in patients 

with high SFOL concentrations (7). Hemoglobin (Hb) concentration and packed cell volume 

(i.e., Hct) show a strong linear correlation only marginally affected by the mean corpuscular 

volume (8). Thus, Hb survey data can be used instead of measuring Hct. We are not aware 

of a systematic evaluation of different RBF calculation approaches with 1 or 2 components 

missing in the formula.

Our main objective was to use NHANES data to assess the comparability of conventionally 

calculated RBF, referred to as “true” RBF, with RBF approximations from 6 approaches. 

Because of the interest in folate insufficiency, our study focused on women of reproductive 

age in NHANES 2007–2010 (microbiologic assay). We also included data from pre– (1988–
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1994) and post–folic acid fortification (1999–2006) periods (radioassay) to cover a broader 

folate concentration range and a different assay type. In a supplemental analysis for persons 

aged ≥ 1 y (2007–2010) we expanded to other demographic groups. We first assessed the 

comparability of various computational strategies to the “true” RBF using unweighted data 

and then used weighted statistics to interpret the findings in different population subgroups.

Methods

Participants and survey design

The NHANES has been collecting cross-sectional data on the health and nutritional status 

of the civilian noninstitutionalized US population, first as periodic surveys (from the early 

1970s to the middle 1990s) and since 1999 as a continuous survey conducted in 2-y survey 

periods. The survey is conducted by the National Center for Health Statistics at the CDC 

and has a stratified, multistage, probability sample design. The NHANES combines home 

interviews with health tests performed in a Mobile Examination Center, where biologic 

samples are collected for biochemical analyses. Interview and examination response rates 

for each survey period are publicly available (9). All respondents gave their informed 

consent, and the NHANES protocol was approved by the National Center for Health 

Statistics Research Ethics Review Board.

Biomarker measurement

Serum and whole blood hemolysate samples were analyzed for folate by a CDC laboratory 

using different methods over time: the Bio-Rad Quantaphase I radioassay (1988–1991), the 

Quantaphase II radioassay (1991–2006), and the microbiologic assay (2007–2010) (10). 

Assay adjustments were applied to the 1988–1991 folate data before their public release to 

account for method differences between the Quantaphase I and II (11). The Quantaphase 

II radioassay produced results that were 29% lower than the microbiologic assay for serum 

samples and 45% lower for whole blood samples (12). We did not use the published 

regression equations to adjust the Quantaphase II data to the microbiologic assay (12) 

because our goal was to assess how each of the 6 approximations behaved within each 

time period and assay. We were not interested to compare folate concentrations over time 

standardized to a common assay. Long-term CVs were 4.0–7.0% for serum folate and 4.0–

6.0% for RBF for the radioassay, and 4.7–10% for serum folate and 7.5–14% for RBF for 

the microbiologic assay (10). Hb, Hct, and mean corpuscular Hb content (MCHC) were 

measured as part of the complete blood count using a 5-part differential Beckman Coulter 

method.

Study variables

We used publicly available data for the following biomarkers: SFOL, RBF, Hct, Hb, 

and MCHC. Owing to the special interest in folate status in women of reproductive 

age, our main analysis used data from women aged 12–49 y from the pre–folic acid 

fortification period (1988–1994), the early postfortification period (1999–2006), and the 

late postfortification period (2007–2010). For brevity, we refer to this group as “women.” 

We categorized the data into 3 age groups (12–19, 20–39, and 40–49 y) and 3 race/Hispanic 

origin groups (Mexican American, non-Hispanic black, and non-Hispanic white).
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In a supplemental analysis, we used data from all participants aged ≥1 y limited to the 

late postfortification period (2007–2010). We categorized the data into 6 age groups (1–5, 

6–11, 12–19, 20–39, 40–59, and ≥ 60 y), 2 sex groups (male and female), and 3 race/

Hispanic origin groups (Mexican American, non-Hispanic black, and non-Hispanic white). 

For 2007–2010, we also examined blood folate concentrations in women by fasting status 

(self-reported time since last food or drink was consumed; <3, 3 to <8, and ≥8 h) and use of 

folic acid–containing dietary supplements (self-reported consumption of supplements in the 

past 30 d; yes and no), 2 variables previously shown to be associated with folate biomarker 

concentrations (13, 14).

Statistical analysis

Statistical analyses were carried out using SAS for Windows software version 9.4 (SAS 

Institute) and SAS callable SUDAAN software version 11 (RTI) to account for the complex 

survey design. We used multiyear Mobile Examination Center survey weights to account for 

the unequal probabilities of selection, adjustment for nonresponse, and poststratification. 

SUDAAN uses Taylor series linearization to calculate variance estimates. We did not 

exclude any participants but restricted our data set to participants with complete data for all 

the variables (Supplemental Figure 1). For the main analysis, our analytical sample consisted 

of 6275 (1988–1994), 9236 (1999–2006), and 3951 (2007–2010) women with complete 

biomarker data. For the supplemental analysis, our analytical sample consisted of 16,815 

(2007–2010) persons ≥1 y of age with complete biomarker data.

To prepare the data for statistical analysis, we conducted 2 steps: we estimated the 

population median values for the variables of interest (SFOL, Hct, and MCHC) to be 

used as imputed values in RBF estimation; and we estimated RBF for each NHANES 

participant using the 6 approaches. For the first step, we calculated the measured WBF 

concentration for each participant using the publicly available data for RBF, SFOL, and Hct: 

WBF = (RBF*Hct) + SFOL*(1.0 − Hct); Hct (%) was converted to a decimal. We then 

calculated median (95% CI) concentrations for folate (in RBCs, whole blood, serum, and 

predicted serum) and hematologic biomarkers (Hct, Hb, MCHC, and estimated Hct) overall 

and by demographic subgroup for each time period (weighted). To assess the quality of the 

predicted SFOL and estimated Hct, we plotted the relative difference between the predicted 

and measured SFOL and between the estimated and measured Hct for all 3 time periods 

(Bland–Altman).

In the second step, we calculated the approximated RBF using the 6 approaches, 

manipulating either 1 or 2 variables at a time (Figure 1). In approach #1, we assumed 

SFOL = 0, which is equivalent to the simple formula for RBF (WBF/Hct). In approach #2, 

we imputed SFOL at an approximate estimate of the population median [10 nmol/L (1988–

1994), 30 nmol/L (1999–2006), and 40 nmol/L (2007–2010)]. The actual weighted median 

SFOL concentrations across time and population were as follows: women (1988–1994), 11.2 

nmol/L; women (1999–2006), 26.6 nmol/L; women (2007–2010), 37.1 nmol/L; persons ≥ 1 

y (2007–2010), 39.8 nmol/L. In approach #3, we imputed Hct at 40% (0.4), the approximate 

estimate of the population median. There were only small differences in the actual weighted 

median Hct across time and population: women (1988–1994), 39.3%; women (1999–2006), 
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39.8%; women (2007–2010), 38.9%; persons ≥ 1 y (2007–2010), 40.8%. In approach #4, 

we estimated Hct as the measured Hb divided by an imputed MCHC of 340 g/L, a value 

near the estimated population median MCHC. There were only small differences in the 

actual median MCHC across time and population: women (1988–1994), 337 g/L; women 

(1999–2006), 339 g/L; women (2007–2010), 343 g/L; persons ≥ 1 y (2007–2010), 344 g/L. 

In approach #5, we assumed SFOL = 0 and estimated Hct (Hb/MCHC).

Finally, in approach #6, we predicted SFOL and estimated Hct (Hb/MCHC). SFOL 

was predicted separately for NHANES 1988–1994, 1999–2006, and 2007–2010 using 

unweighted simple linear regression derived from measured WBF as the x-variable and 

measured SFOL as the y-variable. For the main analysis in women, we obtained a simple 

random sample of 150 women between the ages of 12 and 49 y from each NHANES time 

period to predict SFOL (Supplemental Table 1). For the supplemental analysis in persons 

aged ≥1 y for 2007–2010, we used WBF data from a simple random sample of 150 persons 

aged ≥1 y to predict SFOL (Supplemental Table 1).

The first goal of our statistical analysis was to describe the impact of the different estimation 

approaches and how they compared to the “true” RBF by using unweighted analysis. For 

each of the 6 approaches, we plotted the paired relative difference between the estimated and 

“true” RBF values against the mean of the 2 RBF values (Bland–Altman) and reported the 

nonparametric 95% agreement limits and median relative difference (2.5th, 5th, 50th, 95th, 

and 97.5th). We also calculated for each approach the percentage of NHANES participants 

with estimated RBF concentrations >±10% relative difference, arbitrarily defined as larger 

relative difference. Our second goal was to describe estimated RBF concentrations by 

demographic variables representative of the US population. For this, we calculated the 

weighted RBF geometric mean overall and by demographic group for each approach. We 

also calculated the weighted mean percentage difference to the “true” RBF value overall 

and by demographic group. For approaches #5 and #6 that address both variables of interest 

(SFOL and Hct), we performed 2 additional calculations using data from NHANES 2007–

2010 (women): the mean percentage difference to the “true” RBF value by fasting status or 

supplement use and the central 95% reference interval by demographic subgroup. Lastly, we 

calculated for each of the 6 approaches the weighted prevalence of low folate status using 

different RBF cutoffs [<305 nmol/L for folate deficiency representing risk of megaloblastic 

anemia and <748 nmol/L for folate insufficiency representing risk of NTDs (15)], using data 

from NHANES 2007–2010. We evaluated the diagnostic characteristics of each approach for 

folate insufficiency by calculating the sensitivity and specificity relative to using the “true” 

RBF value.

Results

Characteristics of the components used for RBF calculation

Weighted median concentrations of RBF, WBF, and SFOL in women overall and by 

age and race/Hispanic origin group showed the lowest values during the 1988–1994 

prefortification period (measured by radioassay), intermediate values during the 1999–

2006 early postfortification period (also measured by radioassay), and the highest values 

during the 2007–2010 late postfortification period (measured by microbiologic assay which 
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generates higher results than the radioassay) (Table 1). The weighted median predicted 

SFOL concentrations (using WBF data from a random subset of women to predict 

SFOL from each time period) appeared to be generally higher than the measured SFOL 

concentrations, except for women 12–19 y of age. The Bland–Altman plot showed a close 

to zero unweighted median relative difference between the predicted and measured SFOL 

values for the 3 time periods, but wide 95% agreement limits (1988–1994: 13%; −48%, 

177%; 1999–2006: 1%; −48%, 125%; and 2007–2010: 5%; −46%, 153%) (Supplemental 

Figure 2A–C). Furthermore, each plot showed a concentration-dependent pattern.

Weighted median values for the 3 measured hematologic variables (Hct, Hb, and MCHC) 

were similar across the 3 time periods and generally similar by age or race/Hispanic origin 

group, except for non-Hispanic black women (Table 2). The weighted median estimated 

Hct (calculated from the measured Hb and an approximate MCHC of 340 g/L) appeared 

to be similar to the measured Hct. The Bland–Altman plot showed an unweighted median 

(95% agreement limit) relative difference between the estimated and measured Hct of −1.5% 

(−7.8%, 3.2%), −0.2% (−5.9%, 4.1%), and 1.0% (−5.4%, 6.0%) for the 3 successive time 

periods, indicating a fairly narrow range among the differences (Supplemental Figure 2D–

F). Each plot showed a slight concentration-dependent pattern.

Estimated RBF in women for NHANES 2007–2010 (unweighted analysis)

The Bland–Altman plots (Figure 2) showed fairly consistent differences across the RBF 

concentration distribution, except for approach #2, which showed noticeable concentration-

dependence, with negative differences at low and positive differences at high RBF 

concentrations. The median relative difference was lowest for approaches #2 (−0.74%), 

#4 (−0.96%), and #6 (−1.15%), intermediate for approach #3 (−3.36%), and highest for 

approaches #5 (4.96%) and #1 (5.78%) (Table 3). The widths of the agreement limits 

covering 95% of the samples were narrowest for approaches #1 (2.33%, 13.0%) and #4 

(−5.44%, 5.46%), intermediate for approaches #2 (−8.62%, 54.49%), #5 (−1.19%, 14.7%), 

and #6 (−6.93%, 7.14%), and widest for approach #3 (−20.8%, 11.3%). The percentage 

of women having an estimated RBF concentration exceeding ±10% relative difference 

was <2% for approaches #4 and #6 and 2.4% for approach #2. On the other hand, both 

approaches #1 and #5 overestimated the true RBF by 9% and 12%, respectively, with 

minimal underestimation (<1%). Approach #3 underestimated the true RBF by 18% and 

overestimated by 4%.

Estimated RBF in women by demographic group for NHANES 1988–2010 (weighted 
analysis)

The RBF geometric means for the 6 approaches showed similar patterns for each of the 

3 time periods, both overall and by demographic group (Table 4). The weighted mean 

relative differences between the estimated and “true” RBF values using the 6 approaches 

showed similar patterns within each of the 3 time periods (Table 5). Approaches #1 (assume 

SFOL = 0) and #5 (assume SFOL = 0 and estimate Hct) produced similar outcomes 

with overall differences of 5.5% and 6.6% (1988–1994), 7.6% and 7.8% (1999–2006), 

and 6.2% and 5.1% (2007–2010), respectively; age and race/Hispanic origin groups also 

showed consistently higher RBF values of the same magnitude. Approach #2 (impute 
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SFOL) produced overall differences of <±1% for each time period and for most age 

and race/Hispanic origin groups. Approach #3 (impute Hct) generated overall ≤3% lower 

estimated RBF values for each time period and by age group, but differences were larger for 

some race/Hispanic origin groups (e.g., ≤7% lower estimated RBF values for non-Hispanic 

black women). Approach #4 (estimate Hct) produced overall differences of <±1% for each 

time period and for most age and race/Hispanic origin groups (non-Hispanic black women 

showed larger differences ≤3%). Finally, approach #6 (predict SFOL and estimate Hct) 

generated overall differences of ≤±1% for each time period and for most age and race/

Hispanic origin groups (non-Hispanic black women showed larger differences ≤3%).

Prevalence of low folate status in women for NHANES 2007–2010 (weighted analysis)

Based on the “true” RBF data, the prevalence of folate deficiency (risk of megaloblastic 

anemia, RBF <305 nmol/L) was 0.27% (95% CI: 0.12%, 0.57%; data not shown). All RBF 

approaches produced folate deficiency prevalence estimates of <1% (data not shown). The 

prevalence of folate insufficiency (risk of NTDs, RBF <748 nmol/L) was 22.5% overall and 

20.5%, 38.1%, and 18.2% for Mexican-American, non-Hispanic black, and non-Hispanic 

white women, respectively (Table 6). When we compared the prevalence of insufficiency 

across each approach, we found the same patterns as observed with concentrations but in 

the opposite direction. Approaches #1 and #5 produced prevalences ~5 percentage points 

lower than “true” RBF and resulted in 100% specificity but lower sensitivity (77.4% 

and 80.7%, respectively). Approaches #2, #4, and #6 produced prevalences within a few 

percentage points of “true” RBF and both sensitivity and specificity were ≥ 97%. Approach 

#3 produced a close prevalence estimate overall, but not by race/Hispanic origin (~5 

and 7 percentage points higher for Mexican-American and non-Hispanic black women, 

respectively), and the sensitivity and specificity were close to 95% each.

Central 95% reference intervals for “true” and estimated RBF in women for NHANES 2007–
2010 (weighted analysis)

Compared to the “true” RBF, the central 95% reference interval for RBF by approach #5 

was ~5% higher at both ends of the distribution regardless of age or race/Hispanic origin 

(Supplemental Table 2). For approach #6, the overall reference interval was very similar 

to that of “true” RBF. For some demographic groups we observed slightly lower or higher 

reference intervals, but differences were small.

Association of estimated RBF with fasting status and supplement use in women for 
NHANES 2007–2010 (weighted analysis)

Fasting status was significantly associated with Hct (P = 0.001), SFOL (P = 0.0316), and 

RBF (P = 0.023). Folic acid–containing supplement use was significantly associated with 

SFOL (P < 0.0001) and RBF (P < 0.0001), but not with Hct (P = 0.46). For approaches 

#5 and #6, the differences between the estimated and “true” RBF values were quite similar 

regardless of the length of the fast or the use of supplements (approach #5: ~5%; approach 

#6: about −1%) (Supplemental Table 3).
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Supplemental analysis in persons aged ≥1 y for NHANES 2007–2010 (weighted analysis)

We expanded the scope of our analysis to assess the same RBF approaches in the overall 

population aged ≥1 y. The descriptive data for RBF, WBF, SFOL (Supplemental Table 4), 

and for hematological variables (Supplemental Table 5) were similar to the 2007–2010 data 

for women (Tables 1, 2). As observed for women, we also saw differences between the 

predicted and measured SFOL values in persons aged ≥1 y, whereas the estimated and 

measured Hct values were similar. We observed the same patterns for the 6 RBF approaches 

as seen for women (Supplemental Table 6). However, there were differences by age group 

for each approach, with children aged 1–5 and 6–11 y showing larger differences between 

estimated and “true” RBF values than other age groups. Furthermore, there were also 

moderate sex and race/Hispanic origin differences between the estimated and “true” RBF 

values for each approach.

Discussion

This report is to our knowledge the first systematic evaluation that compares several 

approaches to estimate RBF for population folate status assessment. At a minimum, WBF 

and Hct or WBF and Hb data are needed to estimate RBF. When we assumed SFOL = 

0, RBF results were biased on average ~6% high. When we predicted SFOL from WBF, 

RBF results produced close agreement with the “true” RBF values. Using either an imputed 

SFOL or an imputed Hct had disadvantages such as concentration-dependent differences or 

wide agreement limits. Using an estimated Hct produced close agreement, but still requires a 

SFOL measurement.

Eliminating the need to measure Hct would simplify field operations. There are 2 strategies 

to achieve that. One could use an imputed Hct value close to the population median 

(approach #3), or one could estimate the Hct from Hb because of the strong correlation 

between these 2 hematologic parameters (approach #4) (8). The use of an imputed Hct does 

not take into account the wide range of Hct values between individuals [e.g., 21.8–59.1% 

in NHANES 2015–2016 (16)]. Furthermore, Hct is used as a factor in the RBF calculation 

formula. These are some of the reasons that cause the wider agreement limits (−20.8%, 

11.3%) between the estimated and “true” RBF values, making approach #3 less advisable. 

The accuracy of the second strategy depends largely on the consistency of the MCHC 

across the population and on the chosen imputed MCHC value. By using an approximate 

population median MCHC of 340 g/L, we were within ±1% of the median MCHC value 

of most population groups. However, given that the MCHC decreases with microcytic 

(iron deficiency) and increases with macrocytic (folate and/or vitamin B-12 deficiency) 

anemia (17), each survey should have knowledge of their population-specific MCHC value. 

Because approach #4 used the measured Hb for each person rather than a constant Hct 

value (as in approach #3), this approach produced tighter agreement limits (−5.44%, 5.46%). 

Furthermore, the folate insufficiency prevalence was close to that of “true” RBF, and both 

the sensitivity and specificity were ≥98%, suggesting that most people who were either 

folate sufficient or insufficient were correctly identified. Thus, if Hb is but Hct is not 

available in a nutrition survey, this approach could be useful. However, SFOL measurements 

are still needed, resulting in only limited resource savings. Furthermore, our findings are 
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only transferable if the assay used to measure Hb produces data of similar accuracy and 

variability as in NHANES.

SFOL contributes only a small fraction to WBF in the hemolysate. For example, during 

2007–2010, the overall ratio of SFOL to RBF in women was 0.039 and it varied only 

slightly by age group (range: 0.037–0.044), race/Hispanic origin group (range: 0.037–

0.039), or supplement use (range: 0.037–0.042) (data not shown). The overall ratio was 

similar in persons aged ≥1 y (0.040), but it was higher in children aged 1–5 y (0.054) and 

6–11 y (0.055) than in other age groups (range: 0.035–0.044) (data not shown). Given these 

relatively small differences, it is reasonable to evaluate the possibility of eliminating the 

measurement of SFOL to save time and resources. This could be accomplished through 

multiple strategies: assuming SFOL = 0, imputing SFOL, or predicting SFOL. Replacing 

each individual SFOL with a constant imputed value (approach #2) is not accurate because 

RBF concentrations are underestimated at the lower end and overestimated at the upper end 

of the distribution. Assuming SFOL = 0 (approaches #1 and #5) consistently overestimated 

RBF concentrations by ~6% regardless of the assay or time period, underestimated the 

prevalence of folate insufficiency by ~5 percentage points, and thus produced some false 

negative results (sensitivity: ~80%). The simplicity of this approach may hold promise for 

epidemiologic applications if the cutoff value was raised to obtain the correct prevalence 

or the RBF data were multiplied by a factor to correct for the overestimation. This 

approach would save significant time and materials and allow countries in resource-limited 

environments to generate RBF population data and assess NTD risk. However, if the folate 

assay used responds differently to serum compared with whole blood, the adjustment 

factor may be different. Thus, laboratories not using the microbiologic assay may have 

to determine the correct adjustment factor by analyzing SFOL in a subset of the study 

population.

Although the predicted SFOL agreed poorly with the measured SFOL and cannot be used 

to interpret population folate status, using a predicted SFOL and estimated Hct to estimate 

RBF emerged as an accurate approach (#6) where the RBF data can be used directly for 

population folate status assessment. This approach produced close estimates to the “true” 

RBF values across the concentration distribution with tight agreement limits (−6.93%, 

7.14%). Data for all 3 time periods and both assays generally agreed within ±1% of the 

“true” RBF value, the folate insufficiency prevalence was close to that of “true” RBF, 

and both the sensitivity and specificity were ≥97%. Neither fasting status nor use of folic 

acid–containing supplements appeared to noticeably affect the estimated RBF. Although 

SFOL has to be measured in a subset of the study population (~150 samples compared 

with thousands of survey samples) in order to generate a valid prediction equation (the 

same assay should be used as for the entire study), this approach provides ~50% savings 

compared with measuring both SFOL and WBF folate for the entire study. It requires 3 

simple computational steps: generate a regression equation from subset analysis, predict 

SFOL, and estimate Hct for all survey participants.

Major strengths of this study were that we investigated multiple approaches to estimate 

RBF and we looked at each approach from several angles, including different population 

groups (women and persons aged ≥1 y), time periods (pre- and postfortification), and 
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assays (radioassay and microbiologic assay). In addition to evaluating the approaches using 

unweighted data, we generated nationally representative estimates by demographic subgroup 

to demonstrate the impact of these approaches for epidemiologic applications. Weaknesses 

of our study are that other than fasting status and supplement use, we did not explore factors 

that may influence components of the RBF calculation formula (e.g., pregnancy, obesity, 

or smoking status). However, we showed that <2% of estimated RBF results deviated by 

>±10% from the “true” RBF values with approach #6. For pragmatic reasons we used 

approximate population medians as imputed values instead of the exact values at each 

time period. Last, adjusting data using statistically derived equations can have undesirable 

consequences such as an underestimation of the SEs affecting statistical inferences and 

potentially biased reference intervals or prevalence estimates (18). These potential effects 

have to be weighed against the savings in time and resources when simplifying the RBF 

calculation. When resources permit, the conventional approach should be used to calculate 

the “true” RBF values.

In summary, this comprehensive study using nationally representative data from multiple 

time periods in NHANES demonstrated the potential to simplify the estimation of RBF 

in epidemiologic studies. The 2 most promising approaches requiring the least amount 

of resources were to assume SFOL = 0 and estimate Hct (#5) or to predict SFOL and 

estimate Hct (#6). The former approach could generate estimated values similar to the “true” 

RBF values if a correction factor is used to compensate for the overestimation of RBF 

concentrations; however, the correction factor may be assay-dependent. The latter approach 

produces estimated values similar to the “true” RBF values, but requires the measurement 

of SFOL in a subset of the study population to generate the SFOL prediction equation. 

These approaches require some advance knowledge of the behavior of MCHC and/or SFOL 

to ascertain whether these results can be replicated in other populations. Although these 

findings are encouraging, they should be replicated in other populations that may have even 

lower folate status than the US population during prefortification and/or higher rates of 

anemia. We expect that the use of the folate microbiologic assay may increase in future 

population surveys. This is due to an ongoing project of harmonizing this assay (19) and 

developing laboratory capacity at the regional level for these measurements (20). That is 

expected to lead to more comparable folate biomarker results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Study design showing the 6 approaches used to estimate RBC folate concentrations. Hb, 

hemoglobin; Hct, hematocrit; MCHC, mean corpuscular hemoglobin content; RBF, RBC 

folate; SFOL, serum folate; WBF, whole blood folate.

Zhang et al. Page 13

Am J Clin Nutr. Author manuscript; available in PMC 2023 March 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. 
Bland–Altman plot showing the unweighted relative difference between estimated and 

“true” RBC folate values in women aged 12–49 y using 6 different approaches, NHANES 

2007–2010. The solid line represents the median difference, whereas the dashed lines 

represent the nonparametric “agreement limits” capturing 95% of the data, n = 3951. (A) 

Assume SFOL = 0; (B) impute SFOL; (C) impute Hct; (D) estimate Hct; (E) assume SFOL 

= 0 and estimate Hct; (F) predict SFOL and estimate Hct. Hct, hematocrit; SFOL, serum 

folate.
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