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Denmark

ABSTRACT
With the rising prevalence of obesity globally, increasing proportions of the population may not be 
covered by current recommended daily allowances (RDAs) that are supposed to provide 97.5% of 
the population with a sufficient nutrient status but are typically based on a healthy young 70 kg 
male reference person. Using the EPIC-Norfolk (UK) and the NHANES (US) cohorts, we estimated the 
effect of body weight on the dose-concentration relationship to derive weight-based requirements 
to achieve an ‘adequate’ plasma concentration of vitamin C estimated to be 50 µmol/L. Inverse 
correlations between body weight and vitamin C were observed in both cohorts (p < 0.0001). 
Moreover, only about 2/3 of the cohorts achieved an adequate plasma vitamin C status by 
consuming the RDA or above, while only 1/3 to 1/2 of the cohorts achieved adequacy by an intake 
of the local RDA ± 10%. Using vitamin C as an example, the present data demonstrate that a 
considerable and expectedly increasing proportion of the world population is unable to achieve an 
adequate target plasma concentration with the current recommended daily intakes of vitamin C. 
This needs to be considered in future public health recommendations.

SIGNIFICANCE STATEMENT
In this paper, we highlight the inverse association between body weight and vitamin C status. Our 
study strongly suggests that a large proportion of the population is not covered by the current 
recommended intakes of vitamin C.

Introduction

Vitamin C is essential for human wellbeing. While originally 
thought to be of interest only in the prevention of scurvy, 
i.e., the mortal manifestation of long-term severe vitamin C 
deficiency, more and more health authorities are starting to 
consider the increasingly compelling evidence that adequate 
vitamin C status may play an important role in the risk 
reduction of much more common diseases such as cardio-
vascular disease and cancer (Myint et  al. 2008, Khaw et  al. 
2001, Simon, Hudes, and Tice 2001, Simon, Hudes, and 
Browner 1998, Loria et  al. 2000, Aune et  al. 2018). Thus, 
over the past several decades, recommended daily intakes of 
dietary vitamin C have gradually increased in a number of 
countries during the renewal of nutrition recommendations 
(Carr and Lykkesfeldt 2021). In the US, the recommendation 

for vitamin C intake was last increased with the guideline 
from the Institute of Medicine (2000), and although the pro-
portion of US adults with vitamin C intakes below the EAR 
has increased since then (Sun et  al. 2022), overall vitamin C 
status has not changed significantly between the NHANES 
2003–2006 and 2017–2018 surveys (Powers et  al. 2023).

Simultaneously, there is a growing interest in the factors 
affecting vitamin C status. We recently examined a series of 
lifestyle and demographic factors for their impact on vitamin 
C status in non-hospitalized individuals and reported that 
body weight seems to be one of the most important factors 
determining the dose to concentration relationship in the gen-
eral population (Carr and Lykkesfeldt 2023a, 2023b, Carr, 
Block, and Lykkesfeldt 2022). Most guidelines on dietary rec-
ommendations are based on healthy, relatively young men 
weighing about 70 kg. At the same time, the overarching 
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purpose of setting dietary guidelines such as the RDA/RDI/
DRI/RNI/RI (Recommended Dietary Allowance/Recommended 
Dietary Intake/Dietary Reference Intake/Reference Nutrient 
Intake/Recommended Intake) is to define the average daily 
dietary intake level that is sufficient to meet the nutrient 
requirements of nearly all healthy individuals in a particular 
subpopulation or in the population as a whole (Carr and 
Lykkesfeldt 2021). This number is achieved by estimating the 
average requirement (EAR) and then adding two times the 
expected standard deviation to this number, usually set arbi-
trarily to 10% (2000, Blomhoff et  al. 2023, EFSA Panel on 
Dietetic Products, Nutrition and Allergies 2013, D-A-CH 
(Deutsche Gesellschaft für Ernährung et  al. 2013). From the 
empirical rule, this should constitute an intake that can be 
expected to provide an adequate nutrient supply for about 
97.5% of the population.

However, there are two major problems associated with 
this approach. First, the EAR should represent the average 
requirement of the population. However, the true average 
requirement is extremely difficult if not impossible to assess 
as no well-validated functional assays of vitamin C require-
ment exists. Instead, target values based on indirect evidence 
such as surrogate biological markers or epidemiological evi-
dence are used that may not represent the true EAR. 
Furthermore, the standard deviation of the EAR is not based 
on population derived data but rather arbitrarily set to 10%. 
In reality, the standard deviation of the EAR may be much 
larger than 10%. Thus, both the EAR and its standard devi-
ation—i.e., the two numbers used to calculate the RDA—
may be seriously flawed. Second, the alarming trend of an 
increasing prevalence of obesity among both children and 
adults in many countries—often referred to as the obesity 
pandemic (The Lancet Gastroenterology, Hepatology 2021, 
Flegal et  al. 2010)—has so far not been taken into account 
by the various national and international authorities despite 
appearing to have a major influence on vitamin C require-
ment both on the individual and population level (Block 
et  al. 1999, Ford et  al. 2003).

The concept of weight influence in nutritional recom-
mendations is already well known: all authorities that have 
published separate vitamin C recommendations for men and 
women have used the difference in mean weight between 
men and women as the basis for extrapolating their recom-
mendation for women from that of men (2000, Blomhoff 
et  al. 2023, D-A-CH (Deutsche Gesellschaft für Ernährung 
et  al. 2013, EFSA Panel on Dietetic Products, Nutrition and 
Allergies 2013). Likewise, recommendations for children at 
various ages are almost always extrapolated from an average 
body weight within a certain age-span relative to the before 
mentioned healthy young 70 kg man (2000, Blomhoff et  al. 
2023, D-A-CH (Deutsche Gesellschaft für Ernährung et  al. 
2013, EFSA Panel on Dietetic Products, Nutrition and 
Allergies 2013), thereby acknowledging the relationship 
between weight and vitamin C requirements. Regardless, 
with the global increase in body weight, a substantial and 
growing proportion of the population may not be covered 
by the recommended nutrient intakes. In other words, a 
vitamin C recommendation based on the indirectly esti-
mated requirement of a healthy young 70 kg man and an 

arbitrarily set standard deviation of 10% used in the calcu-
lation of the RDA may no longer be a sufficient reference in 
the pursuit of dietary guidelines supposed to cover 97.5% of 
the population.

In the present study, we investigated vitamin C as an 
example of how increased body weight may impact nutri-
tional sufficiency based on the relationship between dietary 
intake and plasma concentration. We interrogated two of the 
largest and most well-documented cohorts—the EPIC-Norfolk 
cohort from the UK and the NHANES cohort covering the 
USA—in order to estimate the effect of body weight on the 
vitamin C dose vs concentration relationship and to derive 
weight-based requirements to achieve an ‘adequate’ plasma 
concentration of vitamin C estimated to be 50 µmol/L by 
several authorities (EFSA Panel on Dietetic Products, 
Nutrition and Allergies 2013, Blomhoff et  al. 2023, D-A-CH 
(Deutsche Gesellschaft für Ernährung et  al. 2013).

Methods

EPIC-Norfolk cohort

This study included data from the EPIC-Norfolk cohort, 
which recruited participants from the city of Norwich in the 
UK and surrounding small towns and rural areas, the pop-
ulation comprising primarily British Caucasians. In this 
cohort, men and women aged between 40 and 79 years were 
identified from 35 collaborating general practice registers 
from Norfolk and were invited by mail to participate in the 
baseline survey. Participants attended baseline health checks 
between 1993–1997 and were assessed using health checks 
and questionnaires; 25522 people provided consent to partic-
ipate in the study during this time period. Our study 
included 18185 participants who had vitamin C laboratory 
values available and after excluding those who were taking 
vitamin C supplements and current smokers (Figure 1). 
Ethical approval was obtained from the UK Norwich 
Research Ethics Committee (approval code: 98NC01). The 

Figure 1.  Participant eligibility for the final EPIC-Norfolk cohort.
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detailed baseline description of the study cohort has been 
published elsewhere (Day et  al. 1999).

Variables
Socio-demographic, economic, and lifestyle variables includ-
ing anthropometric measurements and biochemical parame-
ters were used in the analysis. Age, sex, smoking status 
(current, former, never) and vitamin C supplement usage 
were recorded as reported by the participants and 
cross-checked with the documentary evidence. Weight was 
measured when wearing light clothing without shoes and 
after voiding urine according to a standard protocol. Height 
was measured to the nearest 0.1 cm using a stadiometer with 
shoes removed according to a standard protocol. BMI was 
calculated as weight (kg)/height (m)2.

Assessment of vitamin C levels and intake
Plasma vitamin C concentrations were obtained from 
non-fasting venous blood samples at the health check 
between 1993–1997. Plasma vitamin C was measured from 
blood collected into citrate tubes. After overnight storage in 
a dark box at 4–7 °C, blood samples were centrifuged and 
plasma was stabilized in a standardized volume of meta-
phosphoric acid and stored at −70 °C. Vitamin C concentra-
tions were estimated using a fluorometric assay within one 
week of sampling (Riemersma et  al. 1990).

Dietary vitamin C intake was derived from 7-day food 
diary at the first health check. Food intake was assessed 
using pre-structured 7-day diet diaries (Lentjes et  al. 2014, 
McKeown et  al. 2001). Portion sizes were estimated by par-
ticipants who made use of household measures, manufactur-
ers’ information or a series of color photographs provided in 
the 7-day diary booklet. Using specifically created DINER 
(Data Into Nutrients for Epidemiological Research) software, 
data from diaries were coded and entered by trained nutri-
tionists using a standard validated procedure (Welch 
et  al. 2001).

NHANES cohort

NHANES 2017/2018 data was extracted from the Centers 
for Disease Control and Prevention’s National Center for 
Health Statistics site: https://www.cdc.gov/nchs/nhanes/index.
htm, as described previously (Carr and Lykkesfeldt 2023a). 
Briefly, the final cohort (n = 2027; Figure 2) comprised male 
and female participants aged 18 years or older, who had vita-
min C laboratory variables and had completed two 24-h 
dietary recalls, were not consuming vitamin C containing 
supplements and who were nonsmokers (those who answered 
yes to ‘smoked in last 5 days’ or currently smoke ‘every day’ 
or ‘some days’ were excluded). The demographic and anthro-
pometric variables collected included: age (years), sex, smok-
ing status (current, former, never), weight (kg) and BMI (kg/
m2). Non-fasting serum vitamin C (µmol/L) was measured 
using HPLC with electrochemical detection (Pirkle 2020), 
and dietary vitamin C intake (mg/d) was derived from the 
mean of two 24-h dietary recalls using the What We Eat In 

America Questionnaire and the USDA Food and Nutrient 
Database for Dietary Studies 2.0 (FNDDS 2.0).

Data analyses

Median and interquartile range (Q1, Q3) were used for con-
tinuous variables and counts with percentages were used for 
categorical variables. Group differences were assessed using 
non-parametric Mann–Whitney U tests or Kruskal–Wallis 
tests with Dunn’s post-hoc test to correct for multiple com-
parisons. A p value of  < 0.05 signified statistical significance. 
Linear correlations were determined using Pearson coeffi-
cient. Sigmoidal (four parameter logistic) curves with asym-
metrical 95% confidence intervals were fitted to 
dose-concentration data to estimate the vitamin C intakes 
required to reach ‘adequate’ serum vitamin C concentrations 
of 50 µmol/L and maximal serum concentrations attained at 
steady-state intakes of 200 mg/d. To estimate intake differ-
ences and relative requirements, the difference between the 
upper 95% CI of the lower requirement curve was subtracted 
from the lower 95% CI of the higher requirement curve at 
their intercepts with the adequate concentration line of 
50 µmol/L. Data analyses and graphical presentations were 
carried out using GraphPad Prism 9 (GraphPad, San Diego, 
CA, USA).

Results

Characteristics of the EPIC and NHANES cohorts

The characteristics of the EPIC cohort (n = 18185) are out-
lined in Table 1. Although current smokers have been removed 
from the cohort, it still comprises about 50% of former smok-
ers. Since the samples and data from the EPIC-Norfolk cohort 
were collected more than 25 years ago (1993–1997), and 
demographics and health parameters have changed over this 
time, we also assessed a more recent cohort, the US NHANES 

Figure 2.  Participant eligibility for the final NHANES 2017–2018 cohort.

https://www.cdc.gov/nchs/nhanes/index.htm
https://www.cdc.gov/nchs/nhanes/index.htm
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2017/2018 cohort (characteristics in Table 1). The major dif-
ferences between the two cohorts are the significantly smaller 
size of the NHANES cohort (n = 2027) and the type of the 
dietary survey used; seven-day food diary for EPIC and two 
24-h dietary recalls for NHANES. Comparison of the two 
cohorts showed that the NHANES participants were signifi-
cantly younger (˗10 years), heavier (+7 kg), and had lower 
vitamin C intake (˗20 mg/d) and serum concentrations (˗9 
µmol/L) than the EPIC cohort (p < 0.0001 for all).

Stratifying the EPIC cohort by gender indicated that 
males were heavier (+14 kg), had a higher former smoking 
prevalence (+26%), and had lower vitamin C intake 

(˗6 mg/d) and plasma concentrations (˗11 µmol/L) than 
females (p < 0.05; Table 1). Similarly, in the NHANES cohort, 
males were heavier (+11 kg) and had a higher former smok-
ing prevalence (+16%), but despite having a higher vitamin 
C intake than females (+6 mg/d), also had a lower serum 
vitamin C status (˗8 µmol/L; p < 0.05; Table 1).

Relationship of body weight with vitamin C intake and 
status

The correlations between body weight and vitamin C intake 
and status are depicted in Figure 3. In the EPIC cohort, 

Table 1.  Characteristics of the EPIC and NHANES cohorts.

EPIC cohort NHANES cohort

Characteristics Total cohort (n = 18185)
Females 

(n = 9739) Males (n = 8446) Total cohort (n = 2027)
Females 

(n = 1070) Males (n = 957)

Age (years) 59 (51, 67)a 59 (51, 67)a 60 (52, 68)b 49 (32, 63)b 49 (32, 62)a 50 (32, 64)a

Sex: female
male

9739 (54)a

8446 (46)a
9739 (100)a

0 (0)a
0 (0)b

8446 (100)b
1070 (53)a

957 (47)a
1070 (100)a

0 (0)a
0 (0)b

957 (47)b

Former smoker 8781 (48)a 3522 (36)a 5259 (62)b 540 (27)b 205 (19)a 335 (35)b

Weight (kg) 73 (64, 82)a 66 (60, 74)a 80 (73, 87)b 80 (69, 96)b 75 (63, 91)a 86 (75, 100)b

BMI (kg/m2) 26 (24, 28)a 26 (23, 28)a 26 (24, 28)b 29 (25, 34)b 29 (25, 36)a 29 (25, 33)b

Vitamin C intake (mg/d) 79 (54, 115)a 82 (56, 117)a 76 (52, 112)b 59 (27, 106)b 56 (27, 103)a 62 (27, 113)b

Plasma/serum vitamin C (µmol/L) 54 (42, 65)a 59 (48, 70)a 48 (36, 59)b 45 (28, 62)b 49 (32, 65)a 41 (24, 57)b

Data represent median (Q1, Q2) or n (%). For the total cohorts, different superscript letters indicate p < 0.0001. For the gender subgroups, different superscript 
letters indicate p < 0.05 for females vs males within each cohort.

Figure 3.  Correlations of weight with vitamin C intake and status in the EPIC and NHANES cohorts. (a) Intake data from EPIC cohort (green line; n = 18185; 
slope = -0.04) and NHANES cohort (blue line; n = 2027; slope = 0.14). (b) Plasma/serum data from EPIC cohort (green line; n = 18185; slope -0.35) and NHANES 
cohort (blue line; n = 2027; slope = -0.26). (c) EPIC data from high intake tertile (green line; n = 6056; slope = -0.38), medium intake tertile (orange line; n = 6071; 
slope = -0.35) and low intake tertile (red line; n = 6058; slope = -0.31). The slopes of the high and low intake tertiles were significantly different (p = 0.005). (d) 
NHANES data from higher intake category (green line; n = 675; slope = -0.27) and lower intake category (red line; n = 676; slope = -0.22). The slopes were not sta-
tistically different (p = 0.2). Lines indicate Pearson linear correlation with 95% confidence intervals indicated by dotted lines. An ‘adequate’ vitamin C concentration 
of 50 µmol/L is indicated by the horizontal dashed line.
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body weight showed no significant relationship with the 
dietary intake of vitamin C (slope = −0.039, r = 0.010, 
p = 0.18; Figure 3(a)). Despite this, correlation of weight 
with the plasma vitamin C status of the total cohort showed 
a strong inverse association with increasing body weight 
(slope = −0.35; r = −0.25; p < 0.0001; Figure 3(b)). At the 
median (IQR) intake of 79 (54, 115) mg/d, only people who 
weighed 83 (82, 84) kg or less would be estimated to reach 
an ‘adequate’ plasma vitamin C concentration of 50 µmol/L. 
Every 10 kg of weight gain would be expected to be associ-
ated with a decrease of 3.5 µmol/L plasma vitamin C con-
centration. Since people with low vitamin C intake may 
have low plasma vitamin C status, regardless of their body 
weight, we stratified the cohort by intake tertiles (Table 2) 
and compared the slopes of the lower, medium and higher 
intake tertiles (Figure 3(c)). As anticipated, the lower intake 
tertile had a lower slope and correlation coefficient 
(slope = −0.31; r = −0.22) than the higher intake tertile 
(slope = −0.38; r = −0.31). The medium intake tertile had an 
intermediary slope of −0.35 and correlation coefficient of 
r = −0.28. The slopes of the low versus high intake regres-
sion lines were significantly different (p < 0.005). The differ-
ence between the slopes of the lower vs medium and 
medium vs higher intake tertiles did not reach statistical 
significance (p > 0.05).

In the NHANES cohort, weight was also not correlated 
with vitamin C intake (slope = 0.14, r = 0.022, p = 0.3; Figure 
3(a)), but did, like the EPIC cohort, reveal an inverse asso-
ciation with serum vitamin C concentrations (Figure 3(b); 
slope = −0.26; r = −0.24; p < 0.0001). At the median intake of 
59 (27, 106) mg/d (i.e., 25% lower than the EPIC cohort), 
only people weighing 68 (64, 73) kg or less would be esti-
mated to reach the ‘adequate’ plasma vitamin C concentra-
tion of 50 µmol/L. Every 10 kg of weight gain would be 
associated with a decrease of 2.6 µmol/L serum vitamin C. 
Due to the smaller cohort size of the NHANES, only the 
slopes of the lower and upper 50 percentile intakes were 
compared (Figure 3(d), Table 2). As seen for the EPIC 
cohort, the lower intake category had a lower slope and cor-
relation coefficient (slope = −0.22; r = −0.22) than the higher 
intake category (slope = −0.27; r = −0.25) but this difference 
did not reach statistical significance (p > 0.05).

Figure 4 shows the proportion of the population reaching 
adequate vitamin C concentrations from their recorded 
intake stratified by weight categories. Overall, in the EPIC 

cohort, the proportion of participants who reached adequate 
vitamin C concentrations (i.e., 50 µmol/L) on their usual 
dietary intake was 60% (n = 10983). The weight at which at 
least 50% of the participants reached adequate vitamin C 
concentrations (i.e., 50 µmol/L) on their usual dietary intake 
was <90 kg (Figure 4(a)); this declined to <25% at weights of 
120+ kg. In the NHANES cohort, the proportion of partici-
pants who reached adequate vitamin C concentrations was 
only 43% (n = 873). The weight corresponding to at least 
50% of participants reaching adequate vitamin C status was 
<70 kg (Figure 4(b)), but this declined to a mere 15% at 
weights of 150+ kg.

Impact of weight on vitamin C requirements

The association between vitamin C intake and concentra-
tion is outlined in Figure 5. The total EPIC cohort required 
an average vitamin C intake of 62 (61, 63) mg/d to reach 
adequate plasma concentrations of 50 µmol/L (Figure 5(a)). 
The ‘steady state’ vitamin C concentration reached at an 
intake of 200 mg/d was 65 (64, 65) µmol/L. When the 
cohort was stratified into weight tertiles (Table 3), and 
intake vs concentration plotted, the heavier weight tertile 
(i.e., 86 [82, 92] kg) required a vitamin C intake of 84 (82, 
88) mg/d relative to the lighter weight tertile (i.e., 61 [59, 
63] kg), which required only 47 (45, 49) mg/d of vitamin C 
in order to reach 50 µmol/L circulating vitamin C concen-
trations (Figure 5(b)). This corresponded to a 1.7-fold 
higher requirement for vitamin C for the heavier compared 
to lighter weight tertile. The medium weight tertile (73 [70, 
76] kg) required a comparable intake to the total cohort, 
i.e., 61 (59, 63) mg/d, to reach ‘adequate’ circulating con-
centrations of the vitamin. The data in Figure 5(b) also 
indicated that even at relatively high dietary intakes of 200+ 
mg/d, the heavier and medium weight tertiles were unable 
to reach the same steady state circulating concentrations as 
the lighter weight tertile, i.e., 60 (58, 61) μmol/L versus 65 
(64, 66) μmol/L versus 71 (70, 72) μmol/L for the heavier, 
medium and lighter weight tertiles, respectively. To calculate 
the amount of vitamin C required per 10 kg weight gain, 
the differences in 95% CIs between the lighter and heavier 
tertiles for intake (Δ31 mg) and weight (Δ18 kg) were deter-
mined, resulting in an approximated additional intake 
requirement for vitamin C of 17 mg for every 10 kg 
weight gain.

Table 2.  Characteristics of vitamin C intake categories in the EPIC and NHANES cohorts.

EPIC cohort1 NHANES cohort2

Characteristics Lower intake (n = 6058)
Medium intake 

(n = 6071)
Higher intake 

(n = 6056) Lower intake (n = 1014)
Higher intake 

(n = 1013)

Age 60 (51, 68)a 59 (51, 67)a 59 (52, 67)a 48 (29, 63)a 50 (34, 63)a

Sex: female
male

3016 (50)a

3042 (50)a
3317 (55)b

2754 (45)b
3406 (56)b

2650 (44)b
556 (55)a

458 (45)a
514 (51)a

499 (49)a

Former smoker 3144 (52)a 2856 (47)b 2781 (46)b 287 (28)a 253 (25)a

Weight (kg) 73 (65, 83)a 72 (64, 83)b 73 (64, 82)ab 81 (69, 98)a 80 (68, 95)b

BMI (kg/m2) 26 (24, 29)a 26 (24, 28)b 26 (24, 28)b 30 (25, 35)a 29 (25, 34)b

Vitamin C intake (mg/d) 45 (36, 54)a 79 (70, 89)b 133 (115, 164)c 27 (16, 41)a 106 (79, 152)b

Plasma vitamin C (µmol/L) 44 (30, 56)a 54 (44, 64)b 61 (52, 71)c 36 (20, 53)a 53 (40, 67)b

Data represent median (Q1, Q2) or n (%).
1EPIC cohort: tertiles were derived from 7-day food diaries. Intake category boundaries were: lower ≤61.5 mg/d, medium 61.6–100.2 mg/d, higher ≥100.3 mg/d.
2NHANES cohort: 50 percentiles were derived from 24-h recalls. Intake category boundaries were: lower ≤58.3 mg/d, higher ≥58.4 mg/d. Different superscript letters 

indicate p < 0.05 within each cohort.
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To compensate for the gender disparity in the weight 
tertiles, the data was stratified by gender and intake versus 
concentration curves were fitted to the lighter and heavier 
weight tertiles of each gender (Figure 5(c) and (d)). 
Comparable trends to that of the total cohort were 
observed; the lighter females (i.e., 58 [55, 60) kg) reached 
50 μmol/L at intakes of 41 (38, 44) mg/d, whereas the 
heavier females (i.e., 78 [74, 85] kg) required intakes of 53 
(51, 56) mg/d to reach adequate circulating concentrations 
of the vitamin. Similarly, the lighter males (i.e., 70  
[67, 73)  kg) reached 50 μmol/L at intakes of 76 (74, 79) 
mg/d, whereas the heavier males (i.e., 91 [87, 96] kg) 
required intakes of 103 (98, 109) mg/d to reach adequate 
circulating concentrations of the vitamin. Furthermore, at 
vitamin C intakes of 200 mg/d, the lighter female tertile 
reached steady state concentrations of 71 (70, 73) μmol/L 
versus 65 (64, 67) μmol/L for the heavier females. Similarly, 
the lighter male tertile reached steady state concentrations 
of 63 (61, 65) μmol/L versus 58 (56, 59) μmol/L for the 
heavier males at intakes of 200 mg/d. The NHANES  
cohort showed comparable vitamin C dose-concentration 
relationships to the EPIC cohort (Supplemental Materials 
Figure S1).

Figure 6 displays the proportions of participants in the 
EPIC and NHANES cohorts reaching adequate vitamin C 
status based on intake categories for the whole cohorts and 
stratified by gender. Collectively, the figures clearly show 

Figure 4.  Proportion of participants reaching (green bars)/not reaching (red 
bars) adequate vitamin C status at different weights in the EPIC (a) and NHANES 
(b) cohorts. The mean (SD) weight and vitamin C intake for the EPIC cohort was 
73 (64, 82) kg and 79 (54, 115) mg/d; and for the NHANES cohort was 80 (69, 
96) kg and 59 (27, 106) mg/d. Upper dashed line indicates 97.5% and middle 
dashed line indicates 50% of the participants.

Figure 5. V itamin C dietary intake versus plasma concentration curves in the EPIC cohort. (a) Intake versus concentration curve for total EPIC cohort (n = 18185). 
(b) Intake versus concentration curves for lighter weight tertile (green line; n = 6028), medium weight tertile (orange line; n = 6090) and heavier weight tertile (red 
line; n = 6067). (c) intake versus concentration curves for females (lighter weight tertile; green; n = 3287 vs heavier weight tertile; red; n = 3295) and (d) males 
(lighter weight tertile; green; n = 2812 vs heavier weight tertile; red; n = 2848). Sigmoidal (four parameter logistic) curves with asymmetrical 95% confidence inter-
vals were fitted to dose-concentration data to estimate the vitamin C intakes required to reach ‘adequate’ serum vitamin C concentrations of 50 μmol/L (dashed 
line).

https://doi.org/10.1080/10408398.2024.2356760
https://doi.org/10.1080/10408398.2024.2356760
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that intakes up to several fold the respective UK or US RDA 
are required for 97.5% of the population to reach the target 
plasma concentration of 50 µmol/L.

Table 4 shows the proportion of the EPIC or NHANES 
cohorts achieving adequate vitamin C status from an intake 
corresponding to the UK or US RDA of 40 and 75/90 mg/d, 
respectively, as well as from an intake at or above these val-
ues. Indeed, only about one third of the participants in the 
EPIC cohort ingesting the UK RDA ± 10% (i.e., 40 ± 4 mg) 
reached a plasma concentration of 50 µmol/L while a mere 
50% of the NHANES participants ingesting the US RDA ± 
10% (i.e., 75 ± 7.5 mg for women and 90 ± 9 mg for men) 
reached adequate vitamin C levels. When accumulating all 
participants ingesting above the RDA, only about two thirds 
of the participants reached adequate vitamin C status in 
both cohorts.

Discussion

In the present study, we used the EPIC-Norfolk and 
NHANES cohorts to estimate the effect of body weight on 
vitamin C status and requirement in healthy individuals. 
Both cohorts showed highly significant inverse correlations 
between body weight and vitamin C status despite no sig-
nificant relationship between body weight and vitamin C 
intake in either cohort. When stratifying the cohorts based 
on intake, it became clear that a stronger inverse association 
between vitamin C plasma concentration and weight was 
observed among those with higher compared to lower 
dietary intakes of vitamin C. We interpret this as the result 
of the nonlinear pharmacokinetics of vitamin C that results 
in a more efficient intestinal absorption and renal reabsorp-
tion of vitamin C at lower compared to higher intakes 
(Lykkesfeldt 2020, Lykkesfeldt and Tveden-Nyborg 2019). 
Thus, at lower intakes, the relatively higher intestinal 

Table 3.  Characteristics of weight tertiles in the EPIC and NHANES cohorts.

EPIC cohort NHANES cohort

Characteristics Lighter weight (n = 6028)
Medium weight 

(n = 6090)
Heavier weight 

(n = 6067) Lighter weight (n = 677)
Medium weight 

(n = 675)
Heavier weight 

(n = 675)

Age (years) 59 (50, 68)a 60 (52, 68)b 59 (52, 66)ac 45 (28, 64)a 53 (34, 63)b 49 (33, 62)ab

Sex: female
male

5209 (86)a

819 (14)a
2963 (49)b

3127 (51)b
1567 (26)c

4500 (72)c
481 (71)a

196 (29)a
309 (46)b

366 (54)b
280 (41)b

395 (59)c

Former smokers 2195 (36)a 3013 (49)b 3573 (59)c 127 (19)a 184 (27)b 229 (34)c

Weight (kg) 61 (57, 64)a 73 (70, 76)b 86 (82, 92)c 64 (57, 69)a 80 (77, 85)b 104 (96, 117)c

BMI (kg/m2) 23 (22, 25)a 26 (25, 28)b 29 (27, 32)c 24 (22, 26)a 29 (27, 32)b 36 (33, 41)c

Vitamin C intake (mg/d) 80 (55, 116)a 80 (54, 114)ab 77 (52, 114)b 62 (30, 110)a 62 (28, 105)ab 52 (24, 102)b

Plasma vitamin C (µmol/L) 60 (48, 70)a 54 (42, 65)b 48 (36, 59)c 54 (35, 68)a 46 (31, 61)b 39 (21, 54)c

Data represent median (Q1, Q2) or n (%). EPIC weight category boundaries were: lighter ≤67.3 kg, medium 67.4–78.6 kg, heavier ≥78.7 kg. NHANES weight category 
boundaries were: lighter ≤72.3 kg, medium 72.4–90.2 kg, heavier ≥90.3 kg. Different superscript letters indicate p < 0.05 within each cohort.

Figure 6.  Proportion of participants in the EPIC and NHANES cohorts reaching 
adequate vitamin C concentrations at different dietary intake categories. The 
mean (SD) intake for the (a) total EPIC cohort (green bars) was 89 (50) mg/d 
and total NHANES cohort (blue bars) was 79 (77) mg/d, (b) EPIC females was 
92 (50) mg/d and NHANES females was 74 (66) mg/d, (c) EPIC males was 88 
(51) mg/d and NHANES males was 85 (87) mg/d. Upper dashed line indicates 
97.5% and middle dashed line indicates 50% of the participants.

Table 4.  Proportion of nonsmoking men and women of the EPIC-Norfolk and 
NHANES 2017–2018 cohorts reaching ‘adequate’ plasma concentration of 
50 µmol/L based on the ingestion of the RDA from UK (40 mg/d) or USA 
(75/90 mg/d for women, men).

EPIC-Norfolk (UK) 
(n = 18185)

NHANES 2017–2018 
(USA) (n = 2027)

Proportion (%) achieving 
adequate plasma 
status consuming the 
RDA ± 10%

35 %
(46% women, 24% men)

50%
(57% women, 43% men)

Proportion (%) achieving 
adequate plasma 
status consuming ≥ RDA 
of vitamin C

64%
(76% women, 51% men)

62%
(67% women, 56% men)
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absorption and renal reabsorption may to some extent 
‘counteract’ the effect of dilution induced by increased 
weight. At higher intakes, where the active retainment of 
vitamin C is much less pronounced due to saturation, the 
relationship with weight becomes stronger and more nega-
tive due to volumetric dilution and perhaps also other 
obesity-related factors.

Higher body weight has previously be shown to nega-
tively impact vitamin C status and several cross sectional 
population studies have reported an inverse correlation 
between body weight and plasma ascorbate concentrations 
(Tveden-Nyborg and Lykkesfeldt 2013, Carr and Rowe 2020). 
Of the several factors that may contribute to this relation-
ship, the increased volume of distribution, which from a 
purely volumetric perspective results in a lower plasma con-
centration from the same intake, appears to be the most 
important factor. As mentioned earlier, weight is used as the 
sole means of calculating the lower recommended daily 
intake for women compared to men used in some countries 
including the US (Carr and Lykkesfeldt 2021). However, 
other factors particularly related to obesity may further 
affect the dose vs concentration relationship. For example, 
obesity has been associated with adipocyte dysregulation and 
systemic low-grade inflammation, which can increase oxida-
tive stress and potentially result in an increased turnover of 
vitamin C (Fernández-Sánchez et  al. 2011, Codoñer-Franch 
et  al. 2011, Carr, Block, and Lykkesfeldt 2022). Also, 
increased prevalence of co-morbidities among people with 
obesity may contribute, for instance the higher risk of type 
2 diabetes and nonalcoholic fatty liver disease, both of which 
are themselves associated with lower vitamin C status 
(Sinclair et  al. 1991, Juhl, Lauszus, and Lykkesfeldt 2016, 
Tveden-Nyborg and Lykkesfeldt 2013, Carr et al. 2023). In 
fact, the EPIC cohort has shown a significant increase in 
type 2 diabetes risk in individuals with a low vitamin C sta-
tus (Harding et  al. 2008).

The inverse correlation between body weight and vitamin 
C status does not per se entail a higher vitamin C require-
ment with increased body weight. However, several indirect 
indicators point toward an increased requirement with 
higher weight. Looking at symptoms such as increased infec-
tion risk, poor wound healing, risk of depression and 
fatigue—all conditions of which have been associated with 
vitamin C deficiency (2000, EFSA Panel on Dietetic Products, 
Nutrition and Allergies 2013, Lykkesfeldt and Carr 2023)—
show an increased prevalence with increased weight (Zhou 
et  al. 2020, Phung et  al. 2013, Dobner and Kaser 2018, Yang 
et  al. 2021). Although many other factors obviously influ-
ence the risk of these conditions, such relationships indi-
rectly support the notion that increased weight does result 
in an increased vitamin C requirement.

To determine an appropriate target value for adequate 
vitamin C status, functional assays are needed. However, as 
such assays are not available, other means have been used to 
approximate a reasonable target value. In this study, we 
adopted 50 µmol/L as the target value for an adequate vita-
min C status based on a number of arguments. In brief, 
meta-analyses suggest that about 50 µmol/L is required to 
achieve a mean risk reduction of 30% in morbidity and 

mortality from chronic disease (Lykkesfeldt and Carr 2023). 
Moreover, experiments with radiolabeled vitamin C have 
shown that the intake necessary to maintain a plasma con-
centration of 50 µmol/L is required to replace the metabolic 
turnover of vitamin C (Kallner, Hartmann, and Hornig 
1979). Also, pharmacokinetic data have suggested that 
50 µmol/L is necessary to saturate immune cells and muscle 
tissue (Levine et  al. 2001, Carr et  al. 2013). More recently, 
experimental studies have revealed that the urinary thresh-
old is about 50 µmol/L for vitamin C in healthy individuals 
(Ebenuwa et  al. 2022). Finally, several authorities have 
arrived at the same target value following comprehensive 
background studies (Blomhoff et al. 2023, D-A-CH (Deutsche 
Gesellschaft für Ernährung et  al. 2013, EFSA Panel on 
Dietetic Products, Nutrition and Allergies 2013).

Using this target value, we evaluated the proportion of 
weight categories in 10 kg increments achieving an adequate 
blood level of vitamin C and found for the EPIC cohort that 
at those weighing 50 kg had the highest probability of reach-
ing adequate status (about 75%), while for those weighing 
90 kg or more, less than 50% were able to achieve adequate 
status. For the NHANES cohort, the ‘optimal’ weight was 
40 kg with a 65% probability of achieving adequate status 
based on the recorded intake, while from 70 kg and up, less 
than 50% were able to achieve adequate status based on 
their intake. These data strongly suggest that the ability to 
achieve adequate vitamin C status is severely impacted by 
higher body weight and discloses a major problem with the 
current recommendations, in particular for individuals living 
with higher weight. Looking specifically at higher weight 
women and lower weight men with comparable weights, a 
gender effect was still visible. Even though the effect of gen-
der on vitamin C status has been shown to be primarily 
driven by the difference in weight between men and women, 
this may suggest that gender per se also has an independent 
effect on vitamin C status. Alternatively, it could also reflect 
a higher proportion of former smokers among males in the 
cohorts who may have a higher prevalence of chronic 
smoking-related health conditions, gender differences in 
dietary intake reporting (McKenzie et  al. 2021, Macdiarmid 
and Blundell 1998), or gender differences between the 
amount and distribution of adipose tissue and its effect on 
inflammation (Bjorntorp 1996, Kawai, Autieri, and 
Scalia 2021).

When modeling the vitamin C status vs intake relation-
ships, the expected sigmoidal saturation curves were found. 
The EPIC cohort plots confirmed the well-established satu-
ration level estimate of about 70 µmol/L in healthy individu-
als (Levine et  al. 1996, Lykkesfeldt et  al. 1997) but also 
revealed a significant negative influence of weight, both on 
the intake necessary to achieve adequate status and on the 
maximum plasma status attained at an intake of 200 mg/d. 
The tendency was similar in the NHANES cohort but with 
the much lower number of participants, the 95% CIs were 
much larger, albeit still significantly different in most 
comparisons.

The negative correlation between plasma vitamin C status 
and body weight was previously observed in a small cohort 
three decades ago as a major determinant of plasma vitamin 
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C concentration (Sinha, Block, and Taylor 1992). A similar 
conclusion was reached in a depletion/repletion study con-
ducted in 68 individuals (Block et  al. 1999). We recently 
reexamined those data and were able to estimate the required 
vitamin C intake based on weight (Carr, Block, and 
Lykkesfeldt 2022). The study suggested that an additional 
intake of 10 mg vitamin C/day is required for every 10 kg 
increase in body weight to attain a comparable plasma con-
centration to a 60 kg individual, with a reference vitamin C 
intake of ~110 mg/day as recommended by several European 
authorities (Blomhoff et  al. 2023, D-A-CH (Deutsche 
Gesellschaft für Ernährung et  al. 2013, EFSA Panel on 
Dietetic Products, Nutrition and Allergies 2013). In the pres-
ent interrogation of ‘real world’ data from the EPIC-Norfolk 
and NHANES studies, the corresponding estimates show 
that 17 mg and 22 mg additional vitamin C per day, respec-
tively, is required per 10 kg additional body weight to reach 
adequate levels as compared to a 70 kg individual.

Looking in more detail at the intake necessary to achieve 
adequate plasma/serum vitamin C status, our data suggest 
that the current RDAs are severely underestimated, consid-
ering the goal of sufficiency for the vast majority of the 
population. The current recommended intake in the UK is 
40 mg/d and constitutes the lowest recommendation in the 
World (Values, Department of Health Panel on Dietary 
Reference 1991). It is similar to the 45 mg/d recommended 
by the World Health Organization, Australia and New 
Zealand (Nations World Health Organization and Food 
and Agriculture Organization of the United 2004, Council 
and National Health and Medical Research 2006). These 
recommendations are primarily based on scurvy prevention 
(Carr and Lykkesfeldt 2021). However, based on the data 
from the EPIC Norfolk cohort representing the UK  
population, only 34% of those consuming the RDA were 
able to achieve adequate plasma vitamin C status. The 
number for the US population was 50% based on their 
approximately twice as high recommendation of 75 mg/d 
for women and 90 mg/d for men. In the EPIC cohort, an 
intake of 60 mg/d was necessary for 50% of the cohort to 
achieve adequate status, while 100 mg/d was necessary for 
the NHANES cohort, most likely reflecting their higher 
average body weight.

The RDA is typically calculated from the EAR, whereby 
the RDA equals 1.2 x EAR assuming a 10% standard devi-
ation on the average requirement (2000, Carr and Lykkesfeldt 
2021). Based on the present evaluation of the EPIC-Norfolk 
data, however, and assuming that adequacy can be repre-
sented by a plasma concentration of 50 µmol/L as discussed 
above, the standard deviation on the average requirement 
necessary to achieve this value (± 10%) was actually 45 mg/d 
(corresponding to 57%; n = 4288) suggesting that an RDA 
based on this approach could be calculated as 85 mg/d + 2 × 
45 mg/d = 175 mg/d. The 85 mg/d has been derived from 
Figure 6(c) as the average intake necessary for 50% of the 
EPIC cohort males to reach 50 µmol/L. The corresponding 
EAR derived from the NHANES cohort was 115 mg/d. A 
different approach to encompass the large effect of body 
weight on requirements would of course be to introduce a 
weight-based recommendation system. In the recently 

published Nordic Nutrition Recommendations 2023, the 
committee abstained from introducing such a weight-based 
recommendation, although highlighting the issue using vita-
min C as an example, due to the likely implications for 
many other micronutrients (Blomhoff et  al. 2023).

The present study has some limitations. The data collec-
tion of the EPIC-Norfolk cohort occurred 25 years ago and 
may to some extent not represent the present demography 
or dietary/lifestyle habits of the UK population. The 
NHANES 2017–2018 cohort is quite recent but much smaller 
as reflected by the larger 95% confidence intervals. The 
cohorts differ significantly in number of participants, age, 
weight, former smokers, body weight, BMI, vitamin C intake 
and status. Despite these differences, however, the 
weight-based trends between the two cohorts were compara-
ble. Both surveys used dietary recall diaries/questionnaires 
for the estimation of vitamin C intake. Dietary intake esti-
mations based on memory are inherently imprecise due to 
human recall error, and also because they do not take vita-
min C loss into account during e.g., food storage and by 
various food preparation techniques (Henríquez-Sánchez 
et  al. 2009, Frei, Birlouez-Aragon, and Lykkesfeldt 2012, 
Lykkesfeldt 2020). As such, these data are much less reliable 
than plasma concentrations for estimating the vitamin C sta-
tus of the individual, but for the present purpose of model-
ing dose vs concentration relationships, they constitute the 
best available data. Moreover, it should be noted that the 
established dose vs concentration curves closely match those 
identified under highly controlled experimental conditions 
(Levine et  al. 1996, Levine et  al. 2001), supporting their suit-
ability for the present evaluation despite that some degree of 
selective intake reporting (as could also be over reporting of 
F&V intake) cannot be excluded. Although active smokers 
were excluded from the present analysis, a substantial pro-
portion of the remaining cohorts were in fact former smok-
ers, and this may have impacted the results to suggest a 
higher vitamin C requirement. Former smokers may be 
affected by smoking-related health conditions that impact 
their vitamin C status negatively. Moreover, it is well known 
that the lower vitamin C status of smokers is only partially 
related to the inhalation of smoke but also that smokers—
and former smokers—have poorer diets compared to non-
smokers with regard to intake of fruits and vegetables 
(Lykkesfeldt et  al. 1996, Lykkesfeldt et  al. 2000, Morabia and 
Wynder 1990, Larkin et  al. 1990, Zondervan et  al. 1996). 
This could potentially result in a lower average intake. 
Finally, the study used a plasma/serum concentration of 
50 µmol/L as a surrogate for adequate vitamin C status and 
although substantiated by multiple studies and authorities, it 
may not accurately reflect adequacy. However as long as 
proper functional assays or validated biological signatures 
reflecting adequate vitamin C requirements are not available, 
we believe that the presented value constitutes the best avail-
able estimation.

In conclusion, we demonstrate that only about two thirds 
of the EPIC-Norfolk and NHANES 2017–2018 cohorts 
achieved an ‘adequate’ vitamin C status by consuming the 
RDA or above, while only between one third and half of the 
cohorts achieved adequacy by an intake of the RDA ± 10%. 
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The problems encountered in reaching adequate vitamin C 
status is significantly related to increased body weight,  
where individuals living with higher weight need substan-
tially higher intakes to achieved plasma concentrations simi-
lar to those required for a young male reference individual 
of 70 kg. These results should be taken into account when 
revising public health nutrient recommendations in the future.
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