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Abstract The term nutrient ‘‘insufficiency,’’ as com-

monly used, refers to a nutritional status intermediate

between classical, severe deficiency, and full normal. As

both ‘‘deficiency’’ and ‘‘insufficiency’’ are causes of dys-

function and disease, there is no biological basis for a

distinction between them. What is important to note is that,

in the case of vitamin D, the preponderance of the evidence

indicates that there is real, preventable disease in the range

of vitamin D status values now labeled ‘‘insufficient.’’
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Nutrients are substances provided by the environment

which an organism needs for normal physiological func-

tion. Energy and water were the first two nutrients recog-

nized to serve in this way, and as recently as 90 years ago,

they were the only substances so recognized. Toward the

end of the First World War E. V. McCollum tried to

convince two standing committees of the American Med-

ical Association that inadequate intake of two substances

(now recognized as vitamin A and thiamine) would lead to

explicit disease and suggested that these two were the

advance guard of a host of others [1]. His presentation was

met with derision. At the time the prevailing medical

model was that all disease was caused by external agencies,

microbial or toxic. The notion that not eating something

could make one sick was judged absurd. Nutrition was

mainly a matter of taking on enough fuel. If you had

enough to sustain your daily work, you were adequately

nourished.

Nutrition has come far in the past 90 years, with about

20 substances now recognized as essential, each carrying at

least tentative intake recommendations. Moreover, there

are 20 or so additional nutrients still inadequately explored.

Despite this progress, there still is a general undercurrent in

medicine which downplays the importance of nutrition [2]

and often fits nutrients into the old disease paradigm, i.e.,

as potentially toxic (e.g., cholesterol, sodium, saturated

fat). This skepticism has contributed to a marginalization

of nutrition, where it merges into all kinds of quackery,

thereby further justifying medicine’s skepticism.

Awareness of this historical background is useful as we

attempt to understand current approaches to defining

inadequacy, not just for vitamin D but for most other

nutrients as well. Vestiges of past attitudes persist into the

present.

Deficient, Insufficient, Adequate

Despite the conquest of diseases such as scurvy and beri-

beri, medicine still seems to operate from the same resis-

tant stance that confronted McCollum. Today, that

presumption takes the form of ‘‘current diets provide most

or all of what a person needs.’’ The notion that not getting

enough of nutrient X (vitamin D in this case) could cause or

increase the risk of disease Y is considered unlikely at the

very outset. As a consequence, nutrition policy has

increasingly been based on an approach that requires pro-

ponents of nutrient intakes higher than those prevailing in

the population to provide proof that more is better,
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specifically in the form of randomized controlled trials

(RCTs). In the absence of such proof, prevailing intakes are

deemed adequate, though there is no proof of that, nor

even, for most nutrients, any consensus as to what ‘‘ade-

quate’’ means.

This is not to suggest that medicine does not recognize

deficiency disease. Pellagra, rickets, beriberi, and scurvy

are classic examples. But these were past triumphs; they

are caused by intakes of nutrients below prevailing diet

levels, often far below. Except for continuing sporadic

cases, public health measures, such as food fortification,

would seem to have taken care of these problems. People

who do not have these diseases explicitly are presumed to

be ingesting sufficient quantities of the nutrients concerned.

Against this background skepticism, there has been a

slowly growing recognition for most nutrients, not just for

vitamin D, that intakes lower than average but still above

frank deficiency levels could increase the risk or severity of

various diseases. Since individuals with these conditions

did not have the classical manifestations of ‘‘deficiency,’’

their status was labeled not ‘‘deficient’’ but ‘‘insufficient.’’

This terminologic distinction is a vestige of the original

model for nutrition, i.e., one nutrient–one disease, with

which nutritional science began and which has no real

biological basis. (Unfortunately, it is a model that is still

enshrined in food claim regulations of the US Food and

Drug Administration, which, in effect, permit only one

disease per nutrient [3].)

We no longer hold that nutrients have but one function

or one target organ. Current nutritional science understands

that most tissues and body systems have a requirement for

most nutrients. As a result, inadequate intake of any

nutrient must result in some functional impairment of one

or more body systems, with those most affected producing

the symptom complex that medicine calls ‘‘disease.’’ In

brief, and ignoring the labels ‘‘deficient’’ and ‘‘insuffi-

cient,’’ it seems inescapable that any intake/nutrient status

that results in preventable dysfunction or disease must be

labeled ‘‘inadequate.’’

Defining Adequacy

Aside from simply assuming that current intakes are

adequate, what problems come with the current evidence-

based nutrition (EBN) approach to defining intake

recommendations? And if those problems are not tractable,

what alternatives might be considered? The problems have

been explored in depth elsewhere [4–7]. They consist basi-

cally in the fact that nutrients are not drugs, and approaches

based on a drug model (evidence-based medicine [EBM]) fit

nutrients poorly. Critical differences consist of (1) often very

different dose–response curves (e.g., threshold [or plateau]

effect response for nutrients), (2) ethical problems created

by placing a contrast group on a low intake of a substance

recognized as important for health, (3) critical nutrient–

nutrient interactions, (4) absence of a feasible zero-intake

contrast group in RCTs, (5) smallness of effect size, and (6)

multisystem outcomes. Two of these are of sufficient sal-

ience that, by themselves, they show why the newly adopted

EBN approach must fail to define adequacy.

Figure 1 represents a typical nutrient response curve and

illustrates why the foregoing problems make it difficult to

determine adequacy of intake using a typical RCT design.

As the figure makes plain, the response is sigmoidal, with a

plateau region above which increases in intake produce no

further effect. To show a reduction in disease risk in an

RCT requires that one contrast group have a low intake/

status and the other an intake/status near or above the

plateau threshold. (Incidentally, failure to locate the con-

trasting study intakes relative to the central segment of this

sigmoidal curve virtually guarantees a null effect in a

clinical trial, a point usually overlooked in systematic

reviews and meta-analyses.)

Nevertheless, a properly designed trial, if positive,

would indeed serve to establish a causal relationship

between the nutrient and a particular health or disease

outcome. But it would not thereby define an ‘‘adequate’’

intake/status. As Fig. 1 suggests, the plateau, i.e., the

maximum achievable benefit, is approached asymptoti-

cally. In theory at least, it could be approximated by a
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Fig. 1 Typical sigmoidal curve showing physiological response as a

function of nutrient intake. ‘‘Response’’ refers both to probability of

measurable benefit in a population and to the actual values of the

physiological variable by which response is assessed in a treated

individual. Depicted are the expected responses from equal increments

in intake, starting from a low basal intake and moving to progressively

higher starting levels. Intake increments A, B, and C produce

responses, a, b, and c, respectively. Only intakes in the B region

produce responses large enough to test the hypothesis that the nutrient

concerned elicits the response in question (Copyright Robert P.

Heaney, M.D., 2010. All rights reserved. Used with permission)
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series of paired trials, gradually climbing toward the pla-

teau. If intake X is proven to produce a benefit, then use

X as the control group intake for a second trial, testing

X plus Y intake against X alone. And if X plus Y can be

shown to have a benefit, then repeat. The problem, as

Fig. 1 shows, is that the incremental benefit is small and

gets progressively more so as intake/status rises. Thus,

while in theory the RCT can establish efficacy, it cannot

easily locate the therapeutic threshold above which lies

adequacy.

Further, in practice, the RCT encounters ethical obsta-

cles since, to establish efficacy for a second or third body

system, one contrast group (the controls) must have a low

intake/status of the nutrient—somewhere below the mid-

point of the rise in Fig. 1. But this guarantees that partic-

ipants will suffer the effects of inadequate intake/status for

at least some body systems (if not the one currently being

tested). For example, a control group for a trial testing

a putative hypertension end point would have to have a

25(OH)D status well below 20 ng/mL (50 nmol/L) if a

possible treatment effect were to be sought and found. The

study of Priemel et al. [8] showed that a substantial fraction

of individuals exhibit increased osteoid volume at serum

25(OH)D levels below 30 ng/mL (75 nmol/L), and Bisc-

hoff-Ferrari and her colleagues showed increased fracture

risk in this same range of vitamin D status values [see 41,

42]. Thus, the controls in such a study would be at risk of

incurring skeletal abnormality.

In brief, although the RCT is the standard upon which

nutrient requirements are now based, it cannot actually

establish the point of full adequacy, nor, once one disease

outcome has been established, can it ethically test efficacy

for most other end points. Clearly, more useful, indeed

more intrinsically physiological, criteria are needed. Sev-

eral have been recently suggested [9], including three that

have potential utility for defining vitamin D adequacy.

These are (1) a set point criterion, (2) a plateau criterion,

and (3) a primitive intake criterion. All three were explored

to a limited extent by the Institute of Medicine (IOM) in its

document on calcium and vitamin D requirements [10].

Ultimately, however, the expert panel reverted to an

empirical (as opposed to physiological), RCT-based con-

clusion. It is important to note that, with the physiological

approach, the presumption of adequacy attaches to and

follows from a physiological foundation, and firm evidence

would be required to show that less was safe. That is the

exact opposite of the current empirical approach, which

presumes that prevailing intakes are adequate and requires

firm evidence to show that more is better.

The contrast between a physiological and an empirical

approach is illustrated nicely with respect to the first two of

the suggested criteria, i.e., the calcium absorptive plateau

and the inverse relation between PTH and serum 25(OH)D.

The IOM [10] found the calcium absorptive plateau to

occur at lower 25(OH)D concentrations than have others

[11]. Similarly, the PTH set point has been found by some

to occur at 25(OH)D values ranging from as low as 10 ng/mL

(25 nmol/L) [12] to as high as 49 ng/mL (122 nmol/L)

[13]. The point here is not to claim one conclusion from the

data to be correct and the others not but to assert that, once

such a physiological criterion is accepted as the yardstick

of adequacy, the location of the plateau or of the set point

can be objectively determined using appropriate physio-

logical methods, thus bypassing both of the barriers that

frustrate the empirical, RCT-based approach.

The third criterion, i.e., primitive intake, is perhaps less

controverted. It is clear that vitamin D is synthesized in the

skin on exposure to UV-B radiation. The quantity so syn-

thesized is reasonably well established [14–18], as is the

effect of skin pigmentation on that endogenous production

[19]. Further, it is generally agreed that Homo sapiens

evolved in equatorial East Africa, glabrous and wearing

little or no clothing. Thus, it is virtually certain that

primitive cutaneous production would have been in excess

of 5,000 IU/day. Further, as outdoor summer workers can

have 25(OH)D values ranging up to at least 90 ng/mL

(225 nmol/L), the physiological range must be recognized

as extending to that level [20, 21]. In limited measurements

in Masai natives, values above 40 ng/mL (100 nmol/L) are

the norm [22]. Thus, any value less than 40 ng/mL would

have to be considered as below primitive status.

The argument from primitive intake is that this is the

intake/status to which human physiology is fine-tuned, and

it is thus the intake best suited to normalize the function of

the various body systems in which vitamin D plays a role.

That is not proof, of course, given drastically changed

nutritional and environmental influences over the millennia

following the agricultural revolution. But starting at the

primitive input does get us back to where we were as a

modern species when we crossed over from a hunter–

gatherer lifestyle to an agricultural one (a transition that

occurred as recently as 3,000 years ago in the Western

Hemisphere and about 10,000 years ago in the Fertile

Crescent). Any such physiological criterion would thus be

given the presumption of correctness until proved other-

wise; i.e., it must be shown to be incorrect, rather than the

other way about.

The Consequences of Inadequacy

The IOM has defined ‘‘deficiency’’ as a 25(OH)D value

below 12 ng/mL (30 nmol/L) and ‘‘sufficiency’’ as values

above 20 ng/mL (50 nmol/L) [10]. The IOM report avoids

the term ‘‘insufficiency,’’ but, as currently employed, the

range between 12 and 20 ng/mL (and probably between 12
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and 30 ng/mL) would comprise what is usually meant by

that term. Setting aside for a moment whether 20 ng/mL

(50 nmol/L) is indeed adequate, what is important to note

is that there will inescapably be some dysfunction/dis-

ability associated with inadequate vitamin D status. Thus, it

would seem more straightforward to use the term ‘‘inade-

quate’’ or ‘‘inadequacy’’ (as the IOM report seemed to

favor) for any status associated with dysfunction prevent-

able by a higher vitamin D intake/status.

The range of diseases that have been associated with low

vitamin D status extends from the long-recognized rickets/

osteomalacia to osteoporotic fractures, hypertension, pre-

eclampsia, low–birth weight newborns, reduced resistance

to infection, several forms of cancer, schizophrenia, and

autoimmune disorders such as multiple sclerosis and type 1

diabetes, among others [23–27]. This breadth of association

is not surprising given the fact that vitamin D is involved in

the regulation of gene expression in many tissues, and

hence, any inadequacy would be expected to impair to some

extent the function of several body systems. It is likely that

each of these system responses follows the sigmoid type of

curve shown in Fig. 1, and it is also likely that the 25(OH)D

value associated with adequacy for a particular end point

may well differ from tissue to tissue and from system to

system. In this sense, ‘‘adequate’’ for the whole organism

would refer to the 25(OH)D status (and the intake required

to assure it) that would be above the plateau threshold for

the system with the highest apparent requirement.

The evidence for the various disease end points has been

extensively reviewed (and debated) elsewhere [10, 23, 27–

38] and would be beyond the scope of this essay in any

case. Only a few additional points need to be made here.

First, consider the canonical effect of vitamin D on cal-

cium absorption and the consequent skeletal expression of

rickets and osteomalacia. Generally, the clinical manifes-

tations of rickets or osteomalacia are obliterated at

25(OH)D levels above 12 ng/mL (30 nmol/L), and it had

long been presumed that, accordingly, there were no his-

tological abnormalities above 12 ng/mL as well. However,

the recent autopsy study by Priemel et al. [8] showed clearly

that definable histological abnormalities persisted up to

serum 25(OH)D levels as high as 30–32 ng/mL

(75–80 nmol/L) (see Fig. 2). Additionally, their data

showed that for the 25-plus individuals in their series with

25(OH)D concentrations of 32 ng/mL (80 nmol/L) or

above, the upper limit for osteoid volume (OV/BV) was

actually 1 %, not the 2 % used in earlier estimations and not

the 1.2 % figure which Priemel et al. themselves suggested

might be applied to their data (and which yields virtually the

same proportion of abnormality as the 1 % value).

It should be noted that Recker et al. [39], who were

among the first to attempt to define the normal range of

values for the various histomorphometric measurements,

made no reference to the vitamin D status of the subjects

providing the biopsies that they used to establish the

‘‘healthy’’ norms. Thus, their estimate of 2–3 % was

clearly tentative and, in view of the Priemel et al. data,

possibly incorrect. Using the 1 % criterion, about half the

individuals in this study with 25(OH)D values in the range

of 20–32 ng/mL had increased osteoid volume on bone

biopsy, as Fig. 2 shows. Below 20 ng/mL the prevalence of

elevated osteoid volume rose to *68 % (not shown). On

the basis of this criterion alone, I believe that serum

25(OH)D values below 30–32 ng/mL (75–80 nmol/L)

cannot be considered ‘‘normal’’ or ‘‘adequate.’’

And, lest it be objected that histological abnormality is

not of the same import as actual fractures (or other clini-

cally evident disease), there is the evidence, for example,

from the RCT of Trivedi et al. [40], demonstrating fracture

reduction on elevating serum 25(OH)D within precisely the

range now commonly labeled ‘‘insufficient.’’ To be sure,

not all studies of vitamin D supplementation in this range

of 25(OH)D values have produced significant benefit. One

would not expect that as studies vary in quality, extent of

compliance, and other factors that influence outcomes.

Bischoff-Ferrari and her collaborators have, in a series of

meta-analyses [e.g., 41,42], shown significant risk reduc-

tion for fractures and falls as 25(OH)D rises from 50 to

80 nmol/L (and above). Hence, for two bone end points

(increased osteoid volume on bone biopsy and fracture

risk) there is clear evidence of increased disease risk in the

range of values generally considered ‘‘insufficient.’’
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Fig. 2 Osteoid volume (OV/BV) expressed as a function of vitamin D

status in those individuals in the study of Priemel et al. [8] with serum

25(OH)D values of 50 nmol/L (20 ng/mL) or higher (the level

proposed by the IOM as ‘‘sufficient’’). Horizontal dashed line
demarcates a plausible normal value for osteoid volume as suggested

from the data of Priemel (1 %) and vertical dashed line, the 25(OH)D

boundary between those individuals with and without values for

osteoid volume above the 1 % boundary. Redrawn from the data of

Priemel et al. [8] (Copyright Robert P. Heaney, 2011. All rights

reserved. Used with permission)
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Second is the matter of RCTs. The IOM, and indeed

most other comparable bodies, have called for more RCTs

to address these questions, simply because such evidence is

unarguably the only certain way of establishing efficacy.

What is little appreciated is (1) efficacy is not the real issue

as all nutrients are essential (and hence efficacious), and

the relevant question is not ‘‘whether’’ but ‘‘for what and

how much?’’; (2) as already noted, ethical and feasibility

concerns make RCTs inappropriate or impractical; and (3)

there are already over 100 RCTs studying various end

points, most of which demonstrate benefit for elevated

vitamin D status for one or another end point [e.g., 40–51].

Some published trials have produced a null result, whereas

two have produced negative results [52, 53]. Both used

what I would consider to be a nonphysiological approach

to dosing (one dose of 500,000 or 300,000 IU per year).

Sanders et al. [52] found increased risk of fractures and

falls, while Smith et al. [53] produced a null result for

most fractures but a small increase in risk for hip fracture.

Both regimens would have resulted in extreme cyclicity of

25(OH)D levels, a phenomenon that had earlier been

predicted to counteract any possible beneficial outcome

[54]. That the study of Trivedi et al. [40], also using an

intermittent dose, was positive may have been due to the

fact that the dose was smaller and the dosing more fre-

quent. Certainly, the degree of cyclic variation following a

regimen of 100,000 IU doses every 4 months would have

been less than with the once-yearly 500,000-IU dose of

Sanders et al. [52] and the 300,000-IU dose of Smith et al.

[53].

This distinction between null and negative is important

as nutrient effects on single-system variables are usually

small, and hence, many trials are likely to be inconclusive

(i.e., null). But an agent with a truly null effect, while

sometimes producing apparent positive outcomes from

chance alone, would be expected to produce about the

same number of apparently negative outcomes as well. In

other words, trial outcomes would be symmetrically dis-

tributed around zero effect [55]. That appears not to be the

case for vitamin D for most end points (skeletal and non-

skeletal alike), for which the distribution of study outcomes

is shifted distinctly toward the positive side, thus pointing

toward an overall suggestion of multisystem benefit.

Conclusion

The term vitamin D ‘‘insufficiency’’ denotes a vitamin D

status above 25(OH)D levels associated with clinically

perceptible manifestations of rickets or osteomalacia but

below levels judged to be fully adequate. Individuals

characterized as ‘‘insufficient’’ have been shown to be at

increased risk of osteoporotic fractures and of histological

osteomalacia (among many other untoward outcomes).

These risks can be reduced by improved vitamin D status.

Thus, there is no logical dividing line between a status

deemed ‘‘deficient’’ and one deemed ‘‘insufficient.’’ Any

condition in which disease occurs that is preventable by

improved vitamin D status must be judged ‘‘D-deficient.’’

While this may seem a semantic quibble, what is important

to recognize is that individuals currently labeled as

‘‘insufficient’’ are at risk of real disease.

Additionally, it must be noted in closing that (1) there is

no consensus with regard to the vitamin D status that

represents true adequacy and (2) there is a substantial and

growing body of evidence indicating that the lower end of

the adequate range is at least as high as 32 ng/mL

(80 nmol/L) and, by some criteria, 40 ng/mL (100 nmol/L).

The fact that this value is higher than that recently recom-

mended by the IOM may be due in large part to their use of

a drug-based approach to evaluating efficacy, rather than one

based on physiological criteria.
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