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Abstract

Background Unfortified plant-based diets are devoid of vitamin B12, and supply low intakes of iodine, zinc, selenium,
and calcium. To disentangle the complex interplay between nutritional adequacy and nutrient intakes from supple-
ments and foods in plant-based diets, data from a Germany-based cross-sectional study examining the nutritional
status of omnivores, lacto-ovo-vegetarians and vegans was re-analyzed. Special emphasis was put on potentially
under-consumed nutrients in plant-based diets, including vitamin A and choline.

Methods A novel tool focusing on under-consumed micronutrients was employed to shed a new light on nutrient
supply and dietary exposure to critical nutrients in plant-based diets: The Total Nutrient Index (TNI). The TNI extends

existing measures of diet quality by considering nutrient intake data from both foods and supplements. The TNI cov-
ers calcium, magnesium, potassium, choline and vitamins A, C, D, and E. The TNI was compared between omnivores,
vegetarians and vegans, with a special focus on its micronutrient component scores and with regard to dietary sup-
plement contributions.

Results Data from 108 participants was analyzed. The vegan and the omnivorous diet resulted in similar TNI scores
(73.70+£19.68 and 72.77 +£17.88), whereas lacto-ovo-vegetarians scored lower (68.50 + 17.10). The contribution of sup-
plements to the TNI was higher in vegans and omnivores (median contribution: 12.50 (16.80) and 10.81 (18.23) score
points, respectively) as compared to lacto-ovo-vegetarians (3.42 (12.50) score points). High micronutrient component
score contributions to the TNI were found for vitamin D supplements (all dietary groups), vitamin C supplements
(omnivores and vegans) and magnesium supplements (all groups).

Conclusions Supplementation has a profound impact on nutrient supplies in individuals on a plant-based diet. This
study reiterates the need to quantitatively assess nutrient intakes from supplements to assess diet quality of plant-
based dietary patterns. We posit that defining diet-specific TNI scores is important for a precise evaluation of diet qual-
ity, whether in omnivore or in the spectrum of plant-based diets.
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Plant-based dietary patterns have been associated with
a more favorable lipid intake and higher intakes of fiber,
complex carbohydrates, phytochemicals, magnesium
and potassium [4—7]. Of note, unhealthy and unbalanced
vegetarian/vegan diets, which are centered around foods
rich in refined carbohydrates, high-fructose corn syrup,
saturated fatty acids and artificial sweeteners, may also
predispose an individual to micronutrient deficiencies
[4]. Potentially critical nutrients and nutrient inadequa-
cies in plant-based diets are subject to an ongoing scien-
tific debate [8-10].

This debate is often centered around vitamin B12,
vitamin D, calcium, iodine and zinc [11, 12]. Based on
several recent publications, however, other important
and potentially under-consumed nutrients (e.g., specific
amino acids and omega-3-fatty acids) are seldom part of
that discussion, and possibly received too little attention
in the past [13, 14].

This may apply in particular to choline and vitamin A,
which—depending on an individual’s diet quality—are
potentially lacking in a plant-based diet [8, 9, 15, 16].
Major dietary choline sources include eggs and low-fat
milk, although choline may also be obtained in larger
amounts from green leafy vegetables and potatoes [17].
Vitamin A may be obtained from various sources, either
in the form of preformed vitamin A (obtained through
dairy products and meat) or in the form of provitamin
A carotenoids (obtained through legumes, nuts, seeds,
grain products, fruits and vegetables) [18].

A previous cross-sectional study conducted by our
team compared the nutritional status of young, healthy
vegans, lacto-ovo-vegetarians and omnivores in South-
ern Germany [8, 9]. While that particular work was
centered around vitamin B12 status, concerns were also
raised with regard to vitamin A [8, 9]. These concerns
were reinforced by a recent position paper of the German
Nutrition Society regarding vegan diets, which now also
lists vitamin A as a potentially critical nutrient [15].

This project was revisited in the form of a secondary
analysis and choline intakes were additionally computed
which was not done previously. Dietary vitamin A intake
in retinol activity equivalents was also recalculated based
on an additional nutrient intake database.

A novel nutrient-based dietary index focusing on
eight potentially under-consumed micronutrients was
employed to gain additional insights into nutrient intakes
in plant-based diets: the Total Nutrient Index (TNI) by
Cowan et al. [19, 20]. The TNI extends existing meas-
ures of diet quality by considering nutrient intake data
from all sources, including foods and supplements [19,
20]. The major aim was to shed a new light on dietary
exposure to critical nutrients in a plant-based diet in this
cohort, and to disentangle the complex interplay between
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nutritional adequacy, and nutrient intakes from supple-
ments, and foods, respectively.

Based on previous insights into nutrient intakes in this
cohort [8, 9], it was hypothesized that substantial differ-
ences in TNI scores would exist between vegans, lacto-
ovo-vegetarians and omnivores, with both plant-based
dietary patterns faring worse than the omnivorous diet,
potentially due to lower intakes of vitamin A and choline.
A secondary aim of the study was to determine the extent
to which supplements contributed to nutrient intakes
and the TNI, for which previously reported supplement
intake frequencies and dosages were re-analyzed to esti-
mate diet group-specific mean/median intakes per year.

Methods

Study population and design

The study population has been described elsewhere in
great detail [8, 9]. In brief, the main objective of this study
was to compare nutrient intake data and supplementa-
tion behavior in adult and healthy omnivores, lacto-ovo-
vegetarians and vegans (diet adherence:>2 years) based
in Southern Germany. Nutrition biomarkers regarding
participants’ vitamin B12 status, physical activity data
and other sociodemographic variables were captured in
a cross-sectional design and compared between the 3
groups. Four-day weighed food diaries as well as in-per-
son supplement intake assessments were used to assess
nutrient intake data from both foods and supplements [8,
9]. A special emphasis in this study was laid to supple-
mentation intake and behavior in participants to explore
the contribution of nutrients from dietary supplements
to the overall nutrient intake.

The total nutrient index and food nutrient index

The TNI and Food Nutrient Index (FNI) were originally
created by Cowan et al. to assess the total micronutri-
ent exposure in US adults [19, 20]. The TNI is unique
in a way that it—unlike other dietary indices—includes
exposures from dietary supplements, which may pro-
vide substantial amounts of micronutrients [19, 20]. The
TNI is particularly valuable when assessing total nutri-
ent exposures of eight under-consumed micronutrients
(see below), and has been validated previously using data
from the US-based National Health and Nutrition Exam-
ination Surveys [19].

When assessing under-consumed micronutrients in
plant-based diets, it was deemed necessary to account for
the high prevalence of dietary supplement usage among
plant-based individuals [21, 22], and their large contribu-
tion to the total nutrient intake. In the herein presented
cohort, approximately 92% of vegans and 51% of lacto-
ovo-vegetarians used dietary supplements [8, 9]. The TNI
extends existing measures of diet quality by considering
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nutrient intake data from all sources [19, 20]. This is of
particular importance in the present cohort, in which
supplement usage was a widespread phenomenon [8, 9].
This approach also increases precision, as dietary sup-
plements in studies on plant-based diets were often cap-
tured on a qualitative basis only [8, 21, 22].

The TNI assesses nutrient intakes relative to the rec-
ommended dietary intakes and adequate intakes in the
Dietary Guidelines for Americans (DGA) [10, 19, 23,
24]. Age and sex-specific nutrient intake recommenda-
tions used for the TNI assessment in this study are listed
in Supplementary Table 1. As discussed earlier, the TNI
focuses on selective under-consumed micronutrients,
namely vitamins A, C, D, and E, calcium, magnesium,
potassium, and choline. The scoring algorithm has been
described elsewhere in great detail [10, 19]. In brief, the
TNI is scored from 0 to 100 and truncated at 100% of
the respective standard [19, 23]. The higher the TNI, the
closer the alignment with the nutrient intake recommen-
dations found in the DGA [19, 23, 24]. The overall score
is the average of the eight equally weighted micronutrient
component scores.

The TNI has two sub-components: the FNI (which is
calculated identically to the TNI but considers foods
only) and a second part which considers nutrients from
dietary supplements. In light of the purpose of this paper,
the FNI and TNI values are presented separately for each
dietary group. The score-difference (e.g., the TNI minus
the FNI) reflects the contribution of dietary supple-
ments in each group. While the TNI was constructed and
designed for the United States, it was deemed useful for
this Germany-based study in order to gain new insights
into critical nutrients on a plant-based diet. The high
alignment between the DGA-based nutrient intake rec-
ommendations and the national nutrient intake recom-
mendations in Germany (e.g., for calcium and vitamin A)
supported its usage in this cohort [25].

Nutrient intake data from foods

The assessment of nutrient intake data and the involved
steps upon the evaluation of the nutritional protocols
using NutriGuide® plus software (Version 4.9, Nutri-
Science GmbH, Hausach, Germany) has been described
earlier in detail [8, 9]. 4-day weighed food diaries were
used to estimate nutrient intakes, following an approach
described elsewhere [8, 9]. Choline intake values could
not be obtained using NutriGuide® plus software and
were therefore calculated manually. For this, the USDA
(US Department of Agriculture) database for the choline
content of common foods and the USDA national nutri-
ent database for standard reference legacy (2018) were
used [26, 27]. Several foods that are typically consumed
on a plant-based diet could not be retrieved from these
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databases (e.g. plant-based meat alternatives or dairy
alternatives except soy milk) [26, 27]. In such cases, other
relevant literature was consulted (e.g., [28]) or, when una-
vailable, the choline content of said foods was estimated
by looking at the individual ingredients and their choline
content.

Nutrient intake data from supplements

Supplement assessment has been discussed earlier in
detail [8, 9]. All supplements taken by participants within
the last year were registered with their intake frequency
and their daily dosage. Based on this data, median intake
frequencies in mg or IU were calculated for the whole
sample and for supplementing individuals only.

Inclusion and exclusion criteria

The full original cohort comprised #=115 individuals
[8, 9]. For this secondary data analysis, n=7 individuals
were excluded. This was done because the FNI and TNI
are typically calculated in an age- and sex-specific man-
ner, based on nutrient intake data recommendations in
the DGA [19, 20, 24]. Since the herein presented cohort
included only n=7 individuals aged 51 years or older,
subpopulation statistics for this age group would not
have been reliable/feasible. Apart from this aspect, no
other exclusion criteria applied and all other participants
were considered for this secondary analysis.

Research ethics

The project was approved by the ethical committee of
the University Medical Center of Freiburg, Germany
(EK Freiburg 21-1442). The study is registered in the
German national trial register under the following code:
DRKS00027425.

Statistical analysis
The statistical analysis was performed in STATA 14
(StataCorp. 2015. Stata Statistical Software: Release 14.
College Station, TX: StataCorp LP). Using subpopula-
tion summary statistics and Stata’s Shapiro—Wilk W test
for normality, the distribution of the data was examined.
Normally distributed variables were presented with their
mean + standard deviation. For non-normally distributed
variables, the median and the interquartile range were
given. Strip plots and deviation plots were used to visu-
alize the distribution of data points in each group. The
user-written Stata command “stripplot” was used to plot
data as a series of marks against a single vertical mag-
nitude axis, while also displaying boxes showing group-
specific medians and quartiles [29].

For the between group comparisons, parametric and
non-parametric tests including the Kruskal-Wallis H test
and one-way analysis of variance (ANOVA) were used.
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When statistically significant differences were identified,
a post hoc Dunn’s test was applied to identify between
group differences. The chi-square test of association
was used to compare differences in categorical variables.
Spearman’s rank-order correlations and Pearson’s prod-
uct moment correlation coefficients were used to assess
the relationship between the TNI and the serum con-
centrations of various TNI-relevant vitamins. Box plots,
deviation plots [30], scatter plots and separated scatter
plots were created to visualize the results. Statistical sig-
nificance was determined at a=0.05.

Results
The total subsample for this analysis comprised n=108
participants (Fig. 1, based on [8, 9]). Of these, n=70
participants (64.81%) belonged to the age category
18-30 years; the remaining #=38 (35.19%) individu-
als belonged to the age category 31-50 years. Figure 1
depicts a participant inclusion flow chart, showing rea-
sons for in- and exclusion of participants. The analyzed
sample included n =40 omnivores, n=33 lacto-ovo-vege-
tarians and n =35 vegans.

Table 1 displays the participants’ sociodemographic
and anthropometric data by dietary group. In line with

Potentially eligible

participants screened:
n=169

Potentially enrolled:

n=118
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our previous study based on the full cohort [8, 9], no
between group differences were found except for the
duration of the dietary adherence (336 months in omni-
vores, 60 months in lacto-ovo-vegetarians and 52 months
in vegans (p <0.001)).

No differences between the three examined dietary
groups were found for total energy intake and macronu-
trients intakes in this subsample. Relevant nutrient intake
differences from foods between the 3 groups were found
for fiber and choline (p=0.002 for both) as well as vita-
min C and vitamin D (p <0.001 for both) (Table 2). For all
4 nutrients, intakes between omnivores and vegetarians
and between omnivores and vegans differed significantly
(p<0.01 for all, as per Dunn’s test). Dunn’s test suggested
no significant intake differences between vegans and
vegetarians.

Tables 3 and 4 display nutrient intakes from supple-
ments in the entire sample and in supplementing indi-
viduals only.

The ENI and TNI range and dispersion of observations
within each diet category is shown in Fig. 2. No between
group differences were found (p=0.954 and 0.792,
respectively). As for the TNI, omnivores had the highest
score (73.70+19.68), followed by vegans (72.77 +17.88)

Excluded: n = 51

- individuals with inconsistent diet: n = 14

- individuals with chronic conditions: n = 20
- individuals who did not appear: n =6

- waiting listing (omnivorous group): n = 11

v

Lacto-ovo-

Omnivores enrolled:

=4 n=38

No dropouts

Omnivores included:
n=40

Lacto-ovo-

n=233

vegetarians enrolled:

Excluded: n=5
- moved out of town: n =1
- age 51 years or older: n =4

vegetarians included:

v

Vegans enrolled:
n=40

Excluded: n=5

- lost interest: n =1

- owing to diet change: n =1
- age 51 years or older: n =3

Vegans included:
n=35

Fig. 1 Participant inclusion flowchart. Legend: The final sample comprised n=108 participants. A total of n=7 participants were excluded from this
sub-analysis for being older than 50 years (n=4 in the lacto-ovo-vegetarian group and n=3 in the vegan group)
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Table 1 Sample characteristics
Omnivores (n=40) Lacto-Ovo-Vegetarians Vegans (n=35) p-value
(n=33)
Sex 07112
Male n=16 (40%) n=11(33.33%) n=15(42.86%)
Female n=24 (60%) n=22 (66.66%) n=20(57.14%)
Age (years) 30.78+6.97 27 (6) 26 (8) 0.183°
Marital Status 0.537°
Single n=29 (72.50%) n=29 (87.88%) n=28(80.00%)
Married n=9(22.50%) n=4(12.12%) n=7(20.00%)
Divorced n=1(2.50%) n=0 (0%) n=0 (0%)
Other n=1(2.50%) n=0 (0%) n=0 (0%)
Race/ethnicity 0.350°
Caucasian n=40 (100%) n=33(100%) n=34(97.14%)
Turk n=0 (0%) n=0 (0%) n=12.86%)
Height (cm) 173.10+9.32 173.42+740 174.23+10.07 0.860 €
Weight (kg) 701641463 64 (10) 70 (20) 0.287°
Body Mass Index (kg/mz) 2291 (4.99) 21494201 2240 (4.13) 0.068°
Dietary adherence (months) 336 (162) 60 (66) 52.34+25.06 <0.001°
Educational level 0973°
Secondary school n=4(10.00%) n=2 (6.06%) n=3(8.57%)
German Abitur n=19 (47.50%) n=15 (45.45%) n=16(45.71%)
University degree n=17 (42.50%) n=16 (48.48%) n=16(45.71%)
MacArthur Scale of Subjective Social 6.38+1.35 6.61+1.20 6.18+145 0.860 ¢
Status
Normally distributed data is shown with its mean + standard deviation; not normally distributed data is shown with its median and IQR in parenthesis
# =based on Stata’s Chi-Square Test of independence
b —based on Kruskal-Wallis H test
¢ =based on analysis of variance
Table 2 Energy, macro- and micronutrient intake from foods
Omnivores (n=40) Lacto-Ovo-Vegetarians Vegans (n=35) p-value
(n=33)
Energy intake (kcal/day) 2229.61+706.79 2085.86 (662.43) 2071.14 (887.29) 0.868 *
Macronutrients
Carbohydrate intake (g/day) 244.60+75.34 241.75(102.15) 250.28 (140.86) 0.223°
Fat intake (g/day) 81.39(49.27) 75.85 (35.77) 88.74+31.82 0.994 ¢
Protein intake (g/day) 73.66 (45.43) 65.88 (24.71) 61.85(42.82) 0312°
Micronutrients
Calcium intake (mg/day) 541.24 (448.97) 548.64 (230.95) 483,93 (192.03) 0322°
Choline intake (mg/day) 32894 (19147) 236.82 (88.35) 257.35(100.02) 0.002 °
Fiber intake (g/day) 26.11+12.73 29.59 (12.77) 33.45(19.54) 0.002°
Magnesium intake (mg/day) 246.76 (177.96) 291.57 (107.21) 313.49(170.82) 0.065°2
Potassium intake (mg/day) 2155.03+951.16 2221.88+687.38 2559.63 (1198.09) 0.103°
RAE intake (ug/day) 466.63 (474.60) 42440 (199.64) 338.37(319.54) 0337°
Vitamin C intake (mg/day) 103.21 (67.19) 156.70+83.70 186.09+96.85 <0.001°
Vitamin D intake (IE/day) 82.80 (120) 49.14 (58.63) 35.43(39.09) <0.001°
Vitamin E intake (mg/day) 9.74 (9.80) 1044 (11.64) 13.68(13.01) 0.234°

RAE =retinol activity equivalents. Normally distributed data is shown with its mean * standard deviation; not normally distributed data is shown with its median and

IQR in parenthesis

@ =based on Kruskal-Wallis H test. Nutrient intakes shown in this table are from foodstuffs only and do not include nutrients taken in the form of supplements.

Estimated nutrient intakes from supplements are provided in Table 3



Storz et al. Nutrition Journal (2025) 24:39 Page 6 of 12
Table 3 Nutrient intake from supplements: whole sample (n= 108 participants)
Omnivores (n=40) Lacto-Ovo-Vegetarians Vegans (n=35) p-value
(n=33)

Calcium intake (mg/day) 0(0) 0(0) 0(17.53) 0.020°
Choline intake (md/d) 0(0) 0(0) 0(0) 0.237°
Magnesium intake (mg/day) 0(44.10) 0(0) 0(11.40) 0.232°
Potassium intake (mg/day) 0(0) 0(0) 0(0) 0427°
Vitamin A intake (ug/day) 0(0) 0(0) 0(0) 02232
Vitamin C intake (mg/day) 0(37.26) 0(0) 0(0) 0.068°
Vitamin D intake (IU/day) 14247 (998.63) 57.53 (986.30) 493.15 (1780.82) 0.343°
Vitamin E intake (mg/day) 0(0) 0(0) 0(0) 0494 @
Nutrient intake data from supplements was not normally distributed and is shown with its median and IQR in parenthesis
@ =based on Kruskal-Wallis H test
Table 4 Nutrient intake from supplements: supplementing participants only

Number of Omnivores Lacto-Ovo-Vegetarians  Vegans p-value

supplementing

individuals
Calcium intake (mg/day) n=14 n=3;131.51(75.37) n=2;53.84(92.33) n=9;100 (100) 0373°
Choline intake (mg/d) n=12 n=2;82.88(34.25) n=4;29.31(57.67) n=6; 100 (50) 0.279°
Magnesium intake (mg/day) n=33 n=16;69.74 (158.01) n=7;49.86 (303.65) n=10;75(151.75) 0.965°
Potassium intake (mg/day) n=1 n=1;705(0) n=0 n=0
Vitamin A intake (ug/day) n=9 n=3;329.42 (186.30) n=1,668 (0) n=5;450 (300) 0.110°
Vitamin C intake (mg/day) n=25 n=14;58.30 (125.48) n=4; 200 (585) n=7;32.05 (62.90) 0.186°
Vitamin D intake (IU/day) n=65 n=25;797.81(1178.08) n=18;806.58 (980.61) n=22,1181.94(1932.33) 0.149°
Vitamin E intake (mg/day) n=7 n=4;6.95 (7.65) n=1;30(0) n=2;4.92(3.84) 0.300°

Nutrient intake data from supplements was not normally distributed data is shown with its median and IQR in parenthesis

# =based on Kruskal-Wallis H test. Table 4 uses the following format: n (number of observation in each dietary group), median (IQR)

and lacto-ovo-vegetarians (68.50+ 17.10). Supplementary
Table 2 displays FNI and TNI scores by dietary group and
by age group. Supplementary Fig. 1 displays ANOVA-
based deviation plots and unadjusted deviation plots,
allowing for additional insights into the group-specific
ENI and TNI distribution and visualizing deviations from
the mean in an increasing order.

Figure 3 displays the contribution of dietary supple-
ments to the TNI score by dietary group. The overall
contribution of supplements to the TNI was almost
equal in omnivores (median contribution: 10.81 (18.23)
score points in all participants) and vegans (median con-
tribution: 12.50 (16.80) score points in all participants),
whereas it was less pronounced in lacto-ovo-vegetarians
(median contribution: 3.42 (12.50) score points in all par-
ticipants). When looking at individual micronutrients
(Fig. 4), important median TNI score point contributions
by supplements were found for magnesium (20.93 (43.86)
in supplementing omnivores, 11.87 (88.10) in supple-
menting vegetarians and 17.86 (50.64) in supplement-
ing vegans), vitamin C (71.89 ( 61.64) in supplementing

omnivores and 35.62 (66.09 in supplementing vegans),
and vitamin D (100 (78.08) in supplementing omnivores,
50 (100) in supplementing vegetarians and 54.79 (100) in
supplementing vegans).

The group-specific variations in singular FNI com-
ponents by dietary group are shown in Fig. 5. Relevant
between group differences were found for the following
components: magnesium (p=0.037), choline (p=0.002),
and vitamin D (p= <0.001). As for magnesium, the con-
tribution in vegans differed significantly from omnivores
(p=0.006) but not from vegetarians (p=0.05). For cho-
line and vitamin D, contributions differed between omni-
vores and vegetarians (p= <0.001 for both) and between
omnivores and vegans (p=0.004 and<0.001, respec-
tively). As per Dunn’s test, no significant differences were
found between vegetarians and vegans for all 3 nutrients
(»=0.20, 0.19 and 0.22, respectively).

Finally, Spearman’s rank-order correlations were ran
to identify potential associations between the TNI and
the serum levels of various vitamins. A significant cor-
relation was found for vitamin D (Spearman’s rho=0.45;
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of supplements may range from 0 to 100 points. Based on n=108 observations. OM =omnivores; LOV = lacto-ovo-vegetarians; VN =vegans.

For a better overview, individual observations are displayed in red circles (omnivores), yellow orange rhombuses (vegetarians) or green triangles

(vegans)
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p=<0.001, based on) and vitamin A (Spearman’s
rho=0.21; p=0.034), whereas the other associations
were not significant (Supplementary Fig. 2).

Discussion

The indexing of what constitutes critical nutrients on a
plant-based diet is subject to an ongoing scientific debate
[31-33]. Plant-based diets have become increasingly
popular in many European countries [2]. Recent nation-
ally-representative data suggest that more than eight
percent of the German population now follows a lacto-
ovo-vegetarian diet, whereas approximately two percent
follows a vegan diet [34]. As such, plant-based diets have
emerged as a public health nutrition topic requiring thor-
ough attention.

Health and environmental benefits of plant-based diets
are being explored actively worldwide [2], and their ben-
efits in terms of the prevention of many non-commu-
nicable diseases are widely accepted [2, 8, 10, 12, 33].
Identifying critical nutrients on a plant-based diets is of
fundamental importance, firstly to more precisely outline
what constitutes healthy vs unhealthy plant-based diets
[35], and secondly to attend to the emergent and poten-
tially unhealthy consumption of highly-processed “plant-
based foods” (mainly meat and cheese alternatives),
which often do not contribute to an improved nutrient
intake [36].

Here we employed a validated nutrient-based dietary
score to assess the consumption and supplementa-
tion of eight potentially under-consumed nutrients on
a plant-based diet. Both the vegan and the omnivorous
diets resulted in higher TNI scores when compared to
the lacto-ovo-vegetarian diet. The contribution of sup-
plements to the TNI was approximately twice as high in
vegans and omnivores in comparison to the examined
lacto-ovo-vegetarians. When looking at nutrient intakes
from foods only (FNI-score), lacto-ovo-vegetarians,
omnivores and vegans ranked almost equally.

These subtle but important differences reiterate the
need to consider nutrient intakes from supplements
when discussing about the diet quality of plant-based
dietary patterns. A qualitative supplement intake and
behavior assessment (yes/no) as often seen in plant-
based nutrition studies is insufficient. To the contrary,
frequency and dosages of supplements must be meticu-
lously assessed to adequately capture their contribution
to the overall diet quality.

All three examined dietary groups were character-
ized by an insufficient dietary intake of calcium. Omni-
vores and lacto-ovo-vegetarians had a substantially lower
potassium intake in comparison to vegans. The present
study reiterates that both nutrients are “nutrients of
public health concern’, which require especial attention
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regardless of the dietary pattern [24]. Notably, the TNI
does not reflect the overall dietary quality but focuses
on eight selective (potentially under-consumed) nutri-
ents. Some nutrients of public health concern are not
included in the TNI [20]. This may apply in particular to
fiber, which is frequently under-consumed by the general
population but abundant in plant-based diets focusing on
whole-grains, legumes, vegetables and fruits [8, 9, 33]. In
this study, TNI scores were comparable across the three
dietary groups, yet, they resulted from largely different
nutrient intake patterns. This suggests that TNI scores
may require definition by dietary type, and as such, they
hold limited value as a tool to comparatively assess the
quality of different diets.

Contrasting the herein presented results from a cohort
of healthy individuals with isocaloric intakes to the data
from Cowan et al. based on the US general population
[19], ENI scores were lower in non-supplementing omni-
vores. Lacto-ovo-vegetarians and vegans in this study
also ranked below the mean FNI score of non-supple-
menting omnivores in the Cowan study. A comparable
picture was found for the TNI. Here, a reservation must
be made, that the TNI is a non-energy-adjusted tool, and
a direct comparison between populations and countries
does not appear to be feasible for this reason. Food for-
tification in the United States may also play a role in this
context [37].

The micronutrient choline, recently added to the list
of “critical nutrients” to calculate the TNI [19], has
received renewed attention in particular in women of
child-bearing age and pregnant [38]. While choline
biosynthesis occurs in the liver [39], the major supply
comes from the diet, and it is particularly enriched in
foods of animal origin. It follows that choline intake
will be expectedly lower in individuals adhering to
diets low in animal products. In line with this, higher
intake of choline was observed in omnivores when
compared to the other two diet groups in this study.
This is of particular importance in light of a 2019 edi-
torial by Derbyshire, who emphasized the “mounting
evidence of choline’s importance’, and highlighted that
the “accelerated food trends towards plant-based diets/
veganism could have further ramifications on choline
intake/status” [40]. While intake differences in choline
were observed (omnivores had the highest intakes, fol-
lowed by vegans and lacto-ovo-vegetarians), it must be
emphasized that all examined dietary patterns fared
almost equally in terms of the overall FNI score. The
required daily intake amount of choline is still subject
to an ongoing debate and how much dietary choline is
precisely necessary is hardly assessable with the cur-
rently available data [39]. Moreover, there are nega-
tive aspects of surplus choline intake. For instance,
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excessive choline intake has been associated with pro-
thrombotic effects [41]. Tang et al. emphasized that
the production of the proatherosclerotic metabolite
trimethylamine-N-oxide from dietary phosphatidylcho-
line may negatively affect cardiovascular health [42].

As shown in this study, plant-based diets may provide
a certain amount of choline; which, on a mean basis,
may account for up to 57.23% of the recommended daily
intake in lacto-ovo-vegetarians and to 61.27% of the
recommended daily intake in vegans. Choline supple-
mentation in in this study was however rare, and found
only in 12 (11.11%) participants. In light of the above
and the available literature, there is no evidence to sup-
port that adhering to a healthful plant-based diet may
lead to choline deficiency. It must thus be kept in mind
that the inclusion of choline as a critical nutrient intro-
duces a bias in the TNI scores that may equivocally prone
to recommendations to increase choline intake, while its
necessity is far from being proven in individuals adhering
to plant-based diets.

The presented study is not without limitations. We
focused on a cohort of healthy young adults, having
adhered to omnivore, ovo-lactovegetarian or vegan diets
for at least 2 years. The diets had a comparable caloric
intake. This does not represent the average demographic
or nutritional intakes in Germany. Despite this major
limitation and the limited sample size, our secondary
data analysis has many strengths, including the detailed
dietary assessment (based on weighed food diaries), the
detailed supplement assessment (going beyond a quali-
tative assessment), as well as the ability to differentiate
nutrient intakes from both sources. Choline intakes were
computed on a manual basis using a large food compo-
sition database [26, 27], as it is not routinely included
in standard dietary software [40]. While this is per se a
strength of the study, it must be clearly emphasized that
not all foods reported by our study participants were
found in the USDA list. Occasionally, we searched for
other relevant literature (e.g., [20]) or, when unavailable,
estimated the choline content of said foods by looking at
individual ingredients and their choline content. Finally,
the TNI is a US-centered nutrient index and was, to the
best of our knowledge, so far not used in conjunction
with Germany-based cohorts. Nevertheless, the index
was deemed useful for its coverage of potentially critical
nutrients on a plant-based diet, including calcium, vita-
min D and vitamin A. The latter was recently added to
the list of potentially critical nutrients on a plant-based
diet by the Germany nutrition Society [15]. The TNI is
an epidemiological tool that per se does neither consider
nutrient interactions nor bioavailability or matrix effects,
which would have further added to the quality of this
article.
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From a statistical and practical point of view, the die-
tary supplement assessment technically covered a time
period (1 year) different from the weighed food records
(4-day weighed food diaries). This limitation, alongside
the lack of measurement error correction methods found
in larger epidemiological studies [43-46], warrants care-
ful consideration when interpreting the results. At this
stage, current methods to estimate usual intakes are
not designed specifically to handle dietary supplements
[44]. A “shrink then add” approach as described by Bai-
ley would have added to the methodological strength of
this analysis [44]. Likewise, TNI scores were computed
from data that may not reflect usual intakes, instead of
using the National Cancer Institute multivariate algo-
rithm as described earlier [47, 48]. Nevertheless, it must
be emphasized that the underlying data was gathered
with utmost care, using prospective weighed food diaries
instead of more error-prone 24 h-dietary recalls. Still, we
transparently report the potential presence of measure-
ment error in the underlying data [49].

Despite these limitations [8, 9], this first examination
allowed us to start disentangling the complex interplay
between nutritional status and nutrient intakes from sup-
plements and foods relevant to healthy individuals adher-
ing to omnivore, ovo-lacto-vegetarian and vegan diets.
This study also revealed the need to define diet-specific
TNIs, and to use caution when utilizing currently defined
TNIs when comparing the nutrient quality of omnivore
versus the spectrum of plant-based diets.

Conclusions

Plant-based diets overall do not fare worse than omniv-
orous diets when it comes to the dietary intake of eight
potentially under-consumed nutrients as captured by the
TNI (vitamins A, C, D, and E, calcium, magnesium, potas-
sium, and choline). Additionally, under-consumed nutri-
ents from foods varied by dietary patterns, suggesting the
need for diet-specific TNI scores. Supplementation has
a profound impact on nutrient supplies in individuals on
a plant-based diet (particularly in vegans, much less in
lacto-ovo-vegetarians). The present study thus reiterates
the need to quantitatively assess nutrient intakes from
supplements when discussing about the diet quality of
plant-based dietary patterns. Studies that capture supple-
ments on a mere qualitative basis may underestimate the
overall nutrient intake of plant-based individuals.
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