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Abstract

The WHO/FAO/UNU (2007) report examines dietary protein and amino acid requirements for all age groups, protein requirements during

pregnancy, lactation and catch-up growth in children, the implications of these requirements for developing countries and protein quality

evaluation. Requirements were defined as the minimum dietary intake which satisfies the metabolic demand and achieves nitrogen equili-

brium and maintenance of the body protein mass, plus the needs for growth in children and pregnancy and lactation in healthy women.

Insufficient evidence was identified to enable recommendations for specific health outcomes. A meta analysis of nitrogen balance studies

identifies protein requirements for adults 10 % higher than previous values with no influence of gender or age, consistent with a sub-

sequently published comprehensive study. A new factorial model for infants and children, validated on the basis of the adequacy of

breast milk protein intakes and involving a lower maintenance requirement value, no provision for saltatory growth and new estimates

of protein deposition identifies lower protein requirements than in previous reports. Higher values for adult amino acid requirements,

derived from a re-evaluation of nitrogen balance studies and new stable isotope studies, identify some cereal-based diets as being

inadequate for lysine. The main outstanding issues relate to the biological implausibility of the very low efficiencies of protein utilisation

used in the factorial models for protein requirements for all population groups especially pregnancy when requirements may be over-

estimated. Also considerable uncertainty remains about the design and interpretation of most of the studies used to identify amino acid

requirement values.

Introduction

Dietary allowances for protein were first published in 1935 by

the League of Nations and then by FAO/WHO Expert Commit-

tees in 1957(1), 1965(2), 1973(3) and 1985(4). The most recent

consultation was published by WHO at the end of 2007(5)

more than 6 years after the initial meeting in Rome. Defining

protein requirements is not an easy task and the recent consul-

tation was particularly difficult with the deaths of 4 key

members, Peter Reeds, Bernard Beaufrère, Vernon Young

and Peter Furst. Those interested in the process should read

Scrimshaw’s 1976 analysis(6) of the strengths and weaknesses

of the committee approach. Although most previous reports

have been largely written by the chairman, the most recent

report represents a consensus view reached in some cases

against a background of divergent interpretations of the

relevant scientific literature. Because of this there are several

issues which remain arguably incomplete or unsatisfactory.

My purpose here is to summarise the main findings, identify-

ing my own views on their strengths and weakness.

Conceptual framework

In this new (2007) report dietary protein and amino acid

requirements are defined within a generic model based on the

metabolic demand, (i.e. the needs of the organism), and the

efficiency of dietary protein utilization to meet this demand:

thus dietary requirement ¼ metabolic demand/efficiency of

utilization. The term metabolic demand is new to this report

(although the principle is not), and is determined by the

nature and extent of those metabolic pathways that irreversi-

bly consume amino acids and give rise to urinary, faecal and

other nitrogenous losses and which includes a small com-

ponent of net protein synthesis in skin, hair and secretions.

Thus although protein synthesis associated with turnover

accounts for the largest component of amino acid removal,

as shown in Fig. 1 because this is largely met through amino

acids deriving from proteolysis which match the amount and

pattern required for protein synthesis, it is not a significant

part of the organism’s net demand. In fact the demand will

be dominated by the flow to other pathways which irreversi-

bly consume amino acids in terms of their carbon skeletons

or nitrogen. This component is identified in factorial models

of requirements as the metabolic basis of maintenance. In

addition the protein requirement includes any special needs,

which, for this report include the demand for growth in infants

and children, pregnancy and lactation. In each case, the diet-

ary requirement to meet these demands is determined by the

efficiency of dietary protein utilisation in their provision.
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Within this conceptual framework the minimum protein

requirement (MPR) is defined as: the lowest level of dietary

protein intake that will balance the losses of nitrogen from

the body, and thus maintain the body protein mass, in persons

at energy balance with modest levels of physical activity, plus,

in children or in pregnant or lactating women, the needs

associated with the deposition of tissues or the secretion of

milk at rates consistent with good health. The report acknowl-

edges that this definition of the requirement in terms of nitro-

gen balance does not necessarily identify the optimal intake

for health, which is less quantifiable. It is assumed, however,

that the body protein mass is maintained at a desirable level.

The new report also considered the important issue of

adaptation which has always posed a difficult problem for

both the design and interpretation of studies in this area and

for which different views have been expressed about its

importance. My own view is that the plausibility of most

work in the area requires adaptation to be considered and

this is discussed further below.

Report findings

Table 1 is a summary of all protein requirement values

identified in the report shown in terms of the method adopted

and the components of the requirement values (i.e. the

metabolic demand and efficiency of utilisation used to calcu-

late the mean requirement) the coefficient of variation (cv)

of the mean requirement and the safe intake calculated as

mean þ2 sd.

The adult maintenance requirement: mean, safe individual
and safe population intakes, safe upper limit

Nitrogen balance (NB) studies have been central to all pre-

vious efforts to derive the adult MPR whether directly, by

assessing the intake for N equilibrium(1,5), or indirectly as a

source of values used in the factorial method(2,3). The 1985

report(4) examined a limited number of NB studies in a

somewhat arbitrary way deriving values for the average

requirement of 0·6 g/kg/d and a safe intake of 0·75 g/kg/d.

The current report examined essentially the same published

data but in a more systematic way utilising a meta analysis/

reanalysis of all published NB studies(7). All studies in which

individual balance values were reported at three or more

intakes, within a restricted range (from 50 to 200 mg N/kg

body wt), were reanalysed by linear regression in terms of

slopes, intercepts and the intake for N-equilibrium (inter-

cept/slope); in effect a factorial model. No trimming was

used so that the data set analysed included individual require-

ment values ranging from 229 to þ451 mgN/kg/d with

slopes from 20·27 to 1·26 and intercepts from 2122 to

5·87 mgN/kg/d: ie. a range of values some of which were

biologically not sensible, (slopes negative or .1 or with

positive intercepts). The median slope (efficiency), intercept

(demand), and the requirement (intercept/slope) were ident-

ified as 0·47, 48·1 mg N/kg/d and 105 mg N/kg/d or 0·66 g

protein/kg/d. The demand, indicated from the regression

intercept, equivalent to only 0·30 g/kg/d, is similar to the

values of the obligatory nitrogen loss directly measured in

subjects fed a protein free diet.

On the basis of an estimate of true between-individual

variation the safe individual intake was identified as

0·83 g/kg/d. This is an intake meeting the requirements of

97·5 % of individuals in a population (i.e. the risk of deficiency

for any individual at this intake is # 2·5 %.). In this report for

the first time the safe population intake was identified. It was

argued that safe individual values are not appropriate for deal-

ing with population data, although this is a common misuse.

This is because the prevalence of deficiency for any mean

population intake will vary with the distribution of the

intake as well as that of the requirement. In fact when, as is

likely, variation in intake is greater than the variation in the

requirement, the safe population level will be greater than

the safe individual intake and will usually approximate to an

Metabolic demands
Growth + maintenance

Dietary requirement

Metabolic demand/efficiency of utilisation

Other pathways
oxidation

Diet N excretion
Amino acid

pool

Body protein pool

Maintenance
(nitrogen balance and

obligatory losses)

Growth
(body composition 

measurements)

De novo formation

Protein synthesisProtein degradation

Fig. 1. General model for amino acid interchange and for the assessment of the protein requirement.
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Table 1. Protein requirements and methodology involved for the various population groups identified in the 2007 report5

Population group Method
Demand g

protein/kg/d Efficiency
Mean requirement
g/kg/d cv Safe level

Adults all ages, men
and women

N-balance (meta analysis): linear regression of
individual multilevel studies: n ¼ 235:
demand ¼ median intercept, efficiency
¼ median slope.

0·30 (248·1 mgN/kg) 0·47 0·654 »12 % 0·83

Pregnant women Factorial: demand from increased maintenance
costs associated with increased body weight
at end of each trimester (0·5,3·2,7·3 g/kg/d),
plus mean protein deposition estimated from
TBK accretion in normal healthy pregnant
women gaining 13·8 kg, (0,1·9,7·4 g/kg/d).
Efficiency from N balance studies in primipar-
ous teenagers

1st
2nd
3rd

0·5 þ 0 0·5 12 % 0·7

3·2 þ 1·9 0·42 (deposition) 7·7 12 % 9·6
7·3 þ 7·4 0·42 (deposition) 24·9 12 % 31·2

Lactating women Factorial: demand from mean milk protein out-
put (Total N les NPN N), by well-nourished
women exclusively breastfeeding (first
6 months postpartum) and partially breast-
feeding (second 6 months). Efficiency from N
balance studies in non-lactating adults.

0-6mo 6·79-7·60 0·47 14·3-16·2 12 % 17·9-20·2

6-12mo 4·69 0·47 10 12 % 12·5
Infants (0-6mo) Factorial: maintenance plus growth: mainten-

ance from N-balance studies with studies
with milk and egg (0·58 g protein/kg/d) plus
deposition costs from TBK measurements.

0·385 þ deposition 0·66 (maintenance
and growth)

1·41-0·98 8-13 % 1·77-1·14

Children (6mo-18y) Factorial: maintenance plus growth: adult main-
tenance value ((0·66 g protein/kg per day),
plus growth costs from TBK studies of pro-
tein gain adjusted with efficiency value from
all N balance studies on children 6 mo to 12y
(0·58)

0·30 þ deposition 0·47 (maintenance)
0·58 (growth)

1·12-0·66(f)
1·12-0·69(m)

8·9-12 % 1·31-0·82(f)
1·31-0·85(m)

Catch-up growth in
children at 5 g/kg/d

As for normal children plus growth costs calcu-
lated assuming protein contents of weight
gain as 14 % (typical) or 9·6 % (high fat)

0·30 þ deposition 0·47 (maintenance)
0·70 (growth)

1·82, typical 1·5 high
fat P:E ratio 6·9 %
typical 5·2 % high fat

- -

Catch-up growth in
children at
20 g/kg/d

As for normal children plus growth costs calcu-
lated assuming protein contents of weight
gain as 14 % (typical) or 9·6 % (high fat)

0·30 þ deposition 0·47 (maintenance)
0·70 (growth)

4·82 typical 3·6 high
fat P:E ratio 11·5 %
typical 6·9 % high fat

- -
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intake that is somewhat greater than the average

requirement plus 2 SD of the intake. The report also exam-

ines the safe upper limit which in the past has somewhat arbi-

trarily been set at 1·5 g/kg/d, (i.e. twice the safe individual

allowance). Average protein intakes of populations consum-

ing the mixed diets of developed countries will usually be

considerably in excess of recommended intakes, especially

for those with high levels of energy expenditure and those

who consume more than average meat intakes. Indeed some

consume protein supplements resulting in intakes of 3–4

times the recommended intake with little evidence of harm

(or benefit). Having reviewed current knowledge of the

relationship between protein intake and health, the report

was unable to give clear recommendations about either opti-

mal intakes for long-term health or to define a safe upper

limit. It did conclude however that it is unlikely that intakes

of twice the safe level are associated with any risk and also

advised caution to those contemplating the very high intakes

of 3–4 times the safe intake which approach the tolerable

upper limit and cannot be assumed to be risk-free. The overall

distribution of individual values from the meta analysis and

the values for the average, safe individual and population

intake are shown in Fig. 2.

Protein requirements of infants and children

All reports to date have focussed on a detailed consideration

of the protein intakes of the breast-fed infant. The new

report faced a challenge from a member of the 1985 consul-

tation that this committee had overestimated the MPR, because

of an error(8). This was that the average intake of breast milk

of infants of healthy mothers should be similar to and could

therefore guide the value of the average protein requirement.

As a result a higher value for maintenance was used and an

additional 50 % was added to the overall value to cover day

to day variation in growth. On this basis an average require-

ment had been calculated which was similar to the average

intake from breast milk. This meant that the safe allowance

was much higher than breast milk intakes. When the adequacy

of breast milk to provide these requirement intakes was

calculated in terms of the prevalence of deficiency in breast

fed infants, breast milk was identified as grossly inadequate(8).

In a detailed analysis Dewey, with Beaton and others(9) had

shown that if average intakes of protein from breast milk

were adequate for most infants (i.e. associated with very

low prevalence rates of deficiency), then compared with

such intakes, the safe allowance should be somewhat lower

and the mean requirement much lower. In the new report

this view was accepted and a factorial model for the require-

ment of infants and children from 6 months to 18y was

adopted which identified lower values, by using a lower main-

tenance value, (derived from NB studies in children with egg

or milk), and removing the extra 50 % for day to day variabil-

ity. It had been argued(9) that because the maintenance

requirement was probably generous on those days when

growth was particularly rapid, some of the maintenance allow-

ance could be diverted to growth. Although requirement

values were not specifically defined for infants ,6 months,

(on the basis that these should be breast fed), the factorial

model was also applied to this age group and a table of safe

intakes calculated, so that it could be validated by comparing

the derived values for the MPR with breast milk protein

intakes.

Because new information had been published on the body

composition of infants and older children the rate of protein

accretion during normal growth could be identified enabling

a factorial model based on maintenance and growth to

be defined. As shown in Table 1 maintenance for infants

,6 months was derived from a limited number of NB studies

in infants and children, whereas for older infants .6 months

and children the adult maintenance value was adopted. The

efficiencies assumed in these factorial models for maintenance

and growth derived from the slopes of the NB studies, i.e. 0·66

for maintenance and growth in infants, and 0·58 for growth in

older infants and children. In the latter case where the adult

maintenance value was assumed, the implied efficiency for

meeting the obligatory demands is 0·47 as discussed above.

Validation of the infant’s model against breast milk intakes is

no easy task because of the need to consider the extent of util-

isation by the infant of the considerable non protein nitrogen
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Fig. 2. Distribution of the individual protein requirements identified in the meta analysis of nitrogen balance studies.
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in breast milk. Nevertheless this was done and the values

derived from the model, considerably lower than those in

the 1985 report, were now considered to be, for the most

part, satisfactory. Thus when judged against these new

values for the safe MPR, average protein intakes from breast

milk were judged adequate. In fact the new requirement

values in the latter months of breast feedings were identified

as still somewhat high, although not markedly so. However

because the main use of these requirement values is to

inform on the composition of formula feeds which might

not be utilised as well as breast milk, this was judged as

acceptable.

Protein requirements for catch up growth

Factorial calculations of the requirements for weight gain in

terms of absolute values of protein and the protein:energy

ratio of the feed are relatively straightforward, but they do

require assumptions to be made about the composition of

the weight gain (lean or adipose tissue), the magnitude of

the maintenance values for protein and energy, the efficiency

of both dietary protein and energy utilization, and the effi-

ciency of net protein and fat deposition. The importance of

providing sufficient energy was stressed since very early

studies attempting to refeed malnourished children with

high protein feeds were unsuccessful because of a lack of suf-

ficient energy. In the report, values were calculated on the

basis of both a typical composition of weight gain i.e. 73:27

lean:fat: 14 % protein, 27 % fat, and a high fat weight gain:

i.e. 50:50 lean:fat 9·6 % protein, 50 % fat. The report showed

that as weight gain increased from 1 to 20 g/kg/d, energy

requirements and the protein energy (P:E) ratio for a typical

composition, increased from 89 to167 kcal/kg/d and from 4·6

to 11·5 % P:E and for a high fat weight gain, from 91 to

205 kcal/kg/d and from 4·2 to 6·9 % P:E. The importance of

these figures is that they demonstrate that the most rapid

growth rates which children are likely to achieve can be

mediated with feeds in which the protein content is ,12 %

energy, as long as the child is able to consume sufficient of

the feed. To do this feeds can be made calorie dense with

either fat or sugar which means the feeds are less satiating

than when the protein concentration is too high. Growth

studies with malnourished children have shown that such

feeds do allow growth rates at the expected level(10).

Protein requirements for pregnancy and lactation

In this new report whereas the MPR for infants and children is

lower than in the 1985 report, the values for pregnancy are

very much higher, a three fold increase in the last trimester.

The 1985 Consultation(4) calculated safe levels of additional

protein of 1·2, 6·1 and 10·7 g/day in the first, second and

third trimesters, respectively, but argued for a single average

value of 6 g/day to be added to the non-pregnant allowance

throughout pregnancy. In contrast the new values are 0·7,

9·6 and 31·2 g/kg/d (Table 1). Both estimates are based on

similar values for total protein deposition in the products of

conception (711 g and 686 g) but there are two major changes

in the new report. Firstly the dietary efficiency value used to

adjust the predicted deposition rate, derived from NB studies

is now 0·42, the lowest value of those used anywhere in the

report, compared with 70 % in the 1985 report which had

rejected such low values. Secondly the increased demand

also includes increased maintenance costs due to maternal

weight gain which overall are calculated to be greater than

protein deposition.

Because of this increase in requirements compared with the

1985 report and in the light of reports indicating risk to

mothers given very high protein supplements (discussed

further below), the report recommends that the higher

intake during pregnancy should consist of normal food,

rather than commercially prepared high protein supplements.

For lactation, recommendations are made for well-

nourished women exclusively breastfeeding for 6 months

and partially breastfeeding after this. Although the efficiency

factor used to calculate the dietary intake to provide for

breast milk protein was lower in the new report (47 % i.e.

the same as that indicated by the adult NB studies, compared

with 70 % in the 1985 report) protein secreted in breast milk

was judged to be slightly lower so that the values shown in

Table 1 are similar to those in the previous report.

Biological plausibility of protein requirement values

The question can be asked, is this the best we can do? Will this

be the last word as far as defining protein requirements is con-

cerned? In fact it is highly unlikely that many more multilevel

NB studies will be published, especially on children, although

one post-report study has addressed the issue of ageing and

gender in relation to the adult MPR, issues not adequately

addressed in the meta analysis. Overall this new study(11)

which examined the MPR of young and older adult men and

women by means of linear regression to identify the equili-

brium intake (intercept/slope), indicated similar values as

observed in the meta analysis, a median requirement value

of 0·62 with no age and gender effects.

In my view the most important outstanding issue is the lack

of biological plausibility of the adult requirement value and

the efficiency values used in the factorial models for infants,

children, and pregnancy. The adult demand, the obligatory

nitrogen loss (ONL), all nitrogen losses measured after 1-2

weeks on a protein free diet equivalent to about 0·30 g

protein/kg/d, is well documented, and for high quality

animal protein, in theory, only digestibility, at about 95 %,

should limit protein utilisation. The slope of an NB curve is

in theory a measure of net protein utilisation, NPU, the

product of digestibility and biological value itself related to

amino acid score. Because the data set used for the report

derives from studies with mainly animal proteins this value

might be expected to give a value approaching 1. In fact

90 % of the studies had slope values below 0·77. In other

words hardly any of the 237 studies resulted in biologically

plausible values. It is important therefore to closely examine

both the design and analysis of nitrogen balance studies to

try and explain this lack of plausibility.
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Limitations in design and analysis of nitrogen balance
studies

a: Variability and potential influences on outcomes

The NB approach is the only available method with a concep-

tually straightforward endpoint (ie, nitrogen equilibrium).

Although some reject the NB approach as fatally flawed, to

date no alternative approach has been identified and in my

view if interpreted with care it does provide important infor-

mation. The main limitations of the NB approach have been

well described(12–14) and were thoroughly reviewed in the

new report. It suffers from a lack of precision, the possibility

of systematic error and logistical problems: i.e. ensuring

energy balance (see15) and sufficient time for adaptation to

each protein intake. It is the case that during any particular

measurement period, balance may be more or less positive

than might be expected and this is illustrated by the results

of the meta analysis shown in Fig. 3. There are numerous

instances of both positive and negative nitrogen balances for

the range of protein intakes from 0·4 to 0·8 g/kg/d.

In trying to account for the lack of plausibility of the balance

data the first issue to examine is its marked variability which is

much greater than that implied by the safe intake. In fact the

97·5th centile of the overall data set, (n ¼ 235, < 1·36 g/kg/d),

is 64 % greater than 0·83 g/kg/d. After trimming for impossible

values, the slopes varied between 0·03 to 1 and the intercepts

from 2120 mgN/kg/d to 26·8 mgN/kg/d. Slopes and inter-

cepts were highly inversely correlated, (R2 ¼ 0·67), as might

be expected (steeper slopes giving more negative intercepts)

and neither predicted the requirement, (intercept/slope)

more than the other (i.e. on their own the slopes or intercepts

explained only 6·6–8·9 % of the variance of the estimated

requirement). This ranged from 0·34 to 2·8 g protein/kg/d

and although values tended to increase as average study

N intake increased, this variable explained only 8 % of the var-

iance in requirement. This large overall variability means that

only by markedly reducing the total variance by 80 %, through

a statistical partitioning calculation to give the “true” between

individual variation, could a sensible safe intake of 0·83 g/kg/d

be arrived at. Clearly while the median protein requirement

value of 0·65 g/kg/d is only 10 % higher than previous

values, a safe intake of 1·36 g/kg/d would be quite out of

the question and a partitioning of variance as reported

would seem appropriate.

In terms of ensuring zero energy balance this is well nigh

impossible so that some degree of weight loss or gain with

associated negative or positive NB is inevitable and data

demonstrating this have been reported by several authors(16,17).

Furthermore, because individual rates of energy expenditure

and requirement vary markedly, and because NB is very

sensitive to energy balance(7), within most studies there is

likely to be considerable individual variability in the extent

of energy imbalance which will contribute to individual

variability in NB. In fact my calculations of the likely error

of ^10 % in estimating BMR and consequent energy needs

(4·5 kcal/kg/d,15), show it to be equivalent to a variability in

requirement of about ^10 mg/kg/d which is about one-third

of the total between individual variance or about 85 % of the

estimated true between individual variance. In practical

terms in multilevel NB studies aimed at measuring protein or

amino acid requirements, actual rates of energy expenditure

and consequent energy requirements are never measured,

instead body weight monitoring is the usual measure of

energy sufficiency during the study. In this case how well

energy balance maintenance was maintained would depend

on the vigilance of body weight monitoring in what are

usually short-term studies. An overestimate of 4·5 kcal/kg/d

could result in 0·5–1 g of tissue gain/kg/d equivalent to

0·25–0·5 kg of weight gain per wk for a 70-kg adult. Clearly

this would be substantial weight gain if maintained but

might be considered within the normal range in a short-term

study. According to some authors, even if energy intakes are

constant, markedly increasing or decreasing protein intakes

compared with habitual levels results in gains or losses in

body weight and associated positive or negative nitrogen bal-

ance(16). Thus one explanation of the considerable variability

in the balance data is lack of energy balance although the

extent of this influence cannot be quantified.

A second explanation of the variability in the balance data is

a variable extent of adaptation of the metabolic demand for

amino acids to the test protein intakes during these short

term balances. Incomplete adaptation would result in an

underestimation of the intake for equilibrium. This has been

observed and commented on by many investigators although

some do not accept that it is important(7). During studies on

older women(18) the authors reported improving balances

after 14–17 days compared with 7–10 days: i.e., on the

lowest intake (0·53 ^ 0·02 g protein/kg/d), net nitrogen bal-

ances fell from 214·5 ^ 3·1 to 20·1 ^ 2·7 mg N/kg per d i.e.

nitrogen equilibrium. This is consistent with long term

14 week studies by this group(19). Balance studies on young

African men(20) showed significantly different balances on a

low intake of 0·35 g protein/g/d, according to the sequence

of dietary intakes fed. Thus when this low intake was fed
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will decrease nitrogen balance.
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with a descending dietary design, (i.e. as the last diet in the

study so that balance was measured after 50 days during

which time the diet had been sequentially reducing, with

much longer for adaptation to occur), balance was less nega-

tive. When it was fed with an ascending design (i.e. as the first

diet in the series so that balance was measured 10 days after

the habitual diet), balance was much more negative. In

long-term nutritional studies with mental patients who were

weight stable on a low protein diet (0·65 g/kg/d) for

36 weeks(21), urinary nitrogen continued to fall after the

marked initial fall at 2 weeks to levels which were 18 %

lower at 36 weeks and the investigators commented “one

does not achieve a steady state of urinary nitrogen excretion

until at least three months after a major decrease has been

made in the level of protein intake; this time factor being

dependent on previous levels of protein intake.” Finally sub-

jects who were switched from a high to a moderate protein

intake took more than a month to achieve nitrogen equili-

brium(16). Thus variable adaptation to the test intakes is

another explanation of the variability in the balance data.

However, as with potential energy imbalance, the extent of

this influence cannot be quantified.

b. Unexplained positive nitrogen balances

Because human adults do not grow, net protein deposition

should only occur during weight gain related to obesity

development. This means that the aim of nitrogen balance

studies is to study utilisation of increasing protein intakes in

the sub-maintenance range allowing the measurement of the

efficiency of dietary protein to replace body proteins in pro-

viding for the obligatory losses. This is illustrated in Fig. 4

which combines data from the recent studies of the protein

requirement of young and older adults(11) and studies invol-

ving a large number of young MIT male students fed varying

levels of egg protein(22). As shown, the negative balance

associated with very low protein intakes, reduces with increas-

ing dietary protein intakes with a curvilinear response as equi-

librium is achieved (at intakes above 0·3 g protein/kg/d).

Ideally, once equilibrium is achieved, balance should not

markedly deviate from zero with any further increase in pro-

tein intakes, since adults at energy balance maintaining body

weight have very limited capacity to gain body N through

an increase in lean tissue. This is evident by the wide range

of protein intakes within weight stable adult populations.

Both studies shown in Fig. 4 were performed by careful inves-

tigators but differ in that the recent studies were performed at

intakes $ the requirement and the subjects exhibited increas-

ing marked positive N balances with increasing intakes.

According to the investigators it is doubtful that lean tissue

accretion could account for these positive nitrogen balances

given that weight change during the last week of each

18 day dietary period was small (,1 %) at least for all subjects

in all three trials considered together. In fact the mean positive

balance of 30 mg/kg/d observed on the highest intake is

equivalent to a gain of about 1·2 kg of FFM over the 18 day

study. Such a weight gain is easily identified and was not

reported to have occurred, the authors reporting that individu-

ally, each subject’s mean body weight during the balance

period (days 14-17) differed by ,1 % from that during the

previous week.

This phenomenon of apparent nitrogen accretion is a fea-

ture of many balance studies at supra-maintenance intakes

included in the meta analysis used in the new report (Fig. 3).

What this means is that although both studies shown in Fig. 4

indicate a similar intake for equilibrium N (ie the protein

requirement), it is by no means clear in the recent study

what the balance points and the slope represent if not a net

gain of body nitrogen. Although systematic errors associated

with the overestimation of intake and underestimation of
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Fig. 4. A pragmatic approach to the analysis of nitrogen balance trials. Values from studies on young men with egg(22) (filled triangles), or on young and
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losses are one explanation of an overestimation of balance, it

is unlikely that this would be observed by so many investi-

gators. This suggests that there is an unmeasured route of

nitrogen loss such as ammonia in the breath, or nitrogen gas

produced in the colon as discussed by Rand et al.(7) although

their identification in sufficient amounts has to date proved

elusive. In fact whilst these authors comment that elimination

of molecular nitrogen is a possibility, they are referring to acti-

vation of such a pathway with very high protein intakes,

having argued that in many long-term studies in healthy

adults receiving 0·8 gNkg21 d21 balances were not signifi-

cantly different from zero(17,23). Importantly, if such losses

occur at all, in the absence of any information on the shape

of the dose response curve of such losses to increasing protein

intakes, it is quite impossible to devise an appropriate correc-

tion strategy. It may be that unmeasured N losses are less

likely to occur at sub-maintenance intakes if they reflect colo-

nic denitrification of urea, because blood urea levels are very

low at low protein intakes with less urea likely to enter

the colon. If this is the case then balance studies at sub-

maintenance protein intakes as in Fig. 4 can be assumed to

be more reliable.

c. Analysis of N balance data

The data shown in Fig. 4 raise a question about the analysis of

the balance data. If the approach is to construct a balance

curve through all available data then with only 3-4 balance

points, linear regression is the only practical approach and

has been widely used. However it could be argued that a

more pragmatic approach to the interpretation should be

taken. For example for the data shown in Fig. 4, the young

men B studies could be interpreted as showing the balance

curve to be steep and linear up to intakes of 0·32 g/kg/d

(slope ¼ 0·89) above which balance fluctuates below or

above equilibrium up to the maximum amount fed

0·5 g/kg/d. This would indicate a requirement .0·32 and

,0·5 g/kg/d. In fact a quadratic analysis, as in the original

report, indicates a value of 0·46 g/kg/d as the equilibrium

intake, but such an analysis is only possible because of the

7 balance points which resulted from combining data from

four studies. Taking the initial steep slope as the measure of

the efficiency of utilisation this indicates a value of 0·89

which is a biologically sensible value for the efficiency of

egg protein utilisation. For the more recent studies shown in

Fig. 4 it appears that all subjects are at equilibrium on the

lowest intake (0·53 g protein /kg/d) indicating a requirement

#0·53 g protein /kg/d. However no further useful information

is extractable from the positive balances.

It is interesting to note that in the 1973 report, whilst NB

studies were examined, the shallow slope at equilibrium

intakes was noted and rather than use these balance studies

the MPR was derived by the factorial method utilising the

ONL (for which good experimental data had been published)

to which 30 % was added for “inefficiency.” On this basis given

that the 30 % addition was used on the basis of a 70 % effi-

ciency of utilisation assumed at the time, the correct calcu-

lation, ONL/0·7, would give 0·43 g/kg/d. The report then

identified a safe allowance of 0·57 g/kg/d which was lower

than the 1965 report (0·71 g/kg/d). This caused an outcry by

some who said that it was a major blunder, and that the

additional value of 30 % for “inefficiency” was far too low

(although there was never any evidence presented to support

such a view). Against this background the 1985 report

increased the safe requirement to 0·75, a value not markedly

different to that in the most recent report.

An explanation of the apparent low efficiency of dietary
protein utilisation: the adaptive metabolic demand

As far as the potential problems considered so far it is clear

that although energy imbalance and incomplete adaptation

can account for much of the variation in nitrogen equilibrium,

it is by no means clear that they can account for the fact that so

few individual balance studies indicate plausible efficiencies

of protein utilisation. In fact only by reconsidering the tra-

ditional metabolic model can an explanation be identified.

Millward & Rivers(24) predicted, on mainly theoretical

grounds, that amino acid requirements are best described by

a model which includes adaptive changes in amino acid oxi-

dation which influence N losses and result in an apparent inef-

ficiency of utilisation. Since that time however we have

reported a series of 13C leucine balance studies that confirm

the phenomenon of adaptive oxidative losses of amino

acids(13) and we have formalized the concept into an adaptive

metabolic demands model(25). This provides a framework for

the interpretation of N balance data. The model identifies

metabolic demands for amino acids as comprising a small

fixed component and a variable adaptive component, which

is relatively insensitive to acute food or protein intake but

which changes slowly with a sustained change in intake,

enabling N equilibrium to be achieved at the new intake

level when adaptation is complete. Thus with this model the

protein requirement can be defined as minimum (MPR) and

nominal (NPR) values. The MPR is the same as that in the tra-

ditional model, the lowest protein intake allowing mainten-

ance of body composition after complete adaptation. The

magnitude of this is currently unknown but likely to be

between 0·4 and 0·5 g/kg/d, at the lower end of the reported

distribution of requirements assessed by NB studies. This is

below the intake of subjects consuming mixed diets or diets

based on cereals or most starchy roots apart from some very

low protein staples such as Ethiopian banana (Ensete), plan-

tain and cassava. The NPR is the intake which allows balance

on the subject’s habitual diet. Clearly these two requirement

definitions make the evaluation of the prevalence of protein

deficiency (intake , requirement) problematic. In contrast to

the current model, for fully adapted individuals, risk of

deficiency (i.e. negative N balance after complete adaptation)

will only start to increase when intakes fall below the range of

the true minimum requirements. At intakes above this,

deficiency is only likely as a short-term response to a

change to a lower intake within the adaptive range. Thus for

adults satisfying energy needs on most mixed human

diets, intakes will be within the adaptive range, and nitrogen
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equilibrium ceases to be a useful indicator of nutritional ade-

quacy of protein.

The adaptive demands model explains the implausible low

efficiency of protein utilisation in NB studies and it allows

protein utilisation to be measured in acute studies. Thus the

slope assay of NPU equates the slope of the N-balance curve

with protein utilization (NPU). This assumes the metabolic

demand is constant and equal to the zero intake intercept

(the ONL). However as shown in Fig. 5 with an adaptive meta-

bolic demands model, the actual metabolic demands indicated

by instantaneous post-absorptive losses will increase with

intake. Thus the N balance curve will underestimate the effi-

ciency of utilisation and the true efficiency will only be indi-

cated when the slope is calculated taking the actual demand

into account. This new model also allows post-prandial pro-

tein utilisation (PPU) to be measured during the fasting-

feeding transition in acute 13C leucine balance studies(26).

This indicates the actual efficiency of protein utilisation and

such studies with different dietary protein sources allows

their protein quality to be assessed at least with highly diges-

tible protein sources. Examples of such studies are shown in

Table 2. It is clear that for adult men and women of various

age groups examined on their habitual diets or after 2 week

periods of adaptation to high or low protein intakes, milk or

egg proteins are utilised with near perfect efficiency. Whilst

lysine-limited wheat protein is less well utilised as would be

expected, the actual efficiency is somewhat higher than

would be expected, possibly through recycling of lysine liber-

ated from tissue protein during the catabolic post-absorptive

state. Similar results are reported by Tomé and colleagues

who use a slightly different approach involving an evaluation

of the post-prandial distribution of 15N deriving from intrinsi-

cally 15N-labelled proteins. This does not entirely take into

account the adaptive MD but nevertheless they report overall

efficiency values (NPPU) of 71-75 % for pea, soya and milk

protein and 66 % for wheat(27,28). In fact they report that in

subjects partially adapted to a high protein intake (fed for

7 days) the increasing prior protein intake reduced the post-

prandial retention of wheat protein nitrogen by 10 % (the

NPPU fell from 61·3 to 55·2 % of ingested nitrogen(27,29). This

is consistent with an increased MD with the increased protein

intake, which in their model would have appeared as a lower

post-prandial efficiency.

These studies involving quite different methodologies

demonstrate quite clearly that the efficiency of protein utilis-

ation identified for adults in the report is incorrect and too

low. This is important not only because it means that the

adult MPR is overestimated but also it means that, in the fac-

torial models for MPR values of children, in pregnancy and

during lactation, the efficiency values used to derive the

MPR, all of which derive from NB studies, are also too low.

This is probably most important for pregnancy where an over-

estimation of the protein requirement may be associated with

risk of weight gain and poor outcome as discussed below.

Critique of values for infants and children

The validation exercise of comparing MPR values for infants

with breast milk intakes was also reinforced with experimental

studies designed to clinically test the efficacy of formulations

providing protein levels at or near the minimum level. Gener-

ally these studies resulted in normal growth at intakes similar

to the predicted safe requirement level of new-born infants

(i.e. at 1 month of age). It should be recognised that for

infants, length growth is an important outcome which can

be used to objectively test the adequacy of protein intakes.

Thus as described in the new report(5), some experimental

studies showed that when infants were fed on formulae with

protein intakes below the predicted MPR at 1 month, although

weight gain and serum albumin were not affected, length gain

was significantly lower. This lends confidence to the values

identified by the model used for infants ,6 months. It is the

case that formulation of infant feeds must compensate for

differences in dietary protein digestibility, bioavailability and

efficiency of utilization between human milk and formula to

meet the protein requirements of formula-fed infants. In fact

the difference in the potential bioavailability of protein in

breast milk and that in mixed diets was partly behind the

decision to use a slightly different factorial model for infants

after weaning and older children. This results in a slight

increase in the MPR at 6 months.

Clearly the argument above about the lack of plausibility of

the low efficiency values inherent in the adult MPR is just as

relevant for infants and children. In fact as discussed in the

0·10

0·00

–0·10

–0·20

–0·30

–0·40

–0·50

–0·60

–0·70
0·00 0·20 0·40

Protein intake (mg/kg per d)

N
 b

al
an

ce
 (

m
g

 p
ro

te
in

/k
g

 p
er

 d
)

0·60

d

c

b

a

Fig. 5. Actual and assumed values for the metabolic demand (MD) in multi-

level nitrogen balance assays of net protein utilization (NPU). Observed

nitrogen balance (A), actual metabolic demand (MD) at each intake (B),

assumed MD at each intake ( ). The slope assay of NPU equates the

slope of the nitrogen balance curve (b-c)/(c-a) with NPU. This assumes that

the MD is constant and equal to the zero intake intercept (the obligatory nitro-

gen loss). However, with an adaptive MD model, the actual MD and instan-

taneous post-absorptive losses will increase with intake. Thus, the nitrogen

balance curve will underestimate the efficiency of utilization and the true

efficiency will be indicated by (b-d)/(c-a). The magnitude of the MD and the

consequent shape of the balance curve has been arbitrarily drawn assuming

an adaptive MD that would result in an apparent overall MD equivalent to

0·60 g protein.
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report, what information there is on preterm infants and chil-

dren recovering from malnutrition suggests that although

there are faecal nitrogen losses in infants (15-23 % of the

intake), urinary nitrogen loss does not vary with intake, indi-

cating an apparent biological value of milk approaching

100 %. This would indicate overall efficiencies of 77-85 %. Bal-

ance studies in growing pigs up to intakes at which growth

starts to plateau indicate a slope of about 0·75(30).

Whether any overestimation of dietary needs for mainten-

ance and protein accretion is important needs to be con-

sidered taking account of protein’s role in stimulating length

growth. Such an influence certainly exists(31) although nothing

is known about its magnitude. Thus length growth may

require a dietary protein intake which is greater than the

MPR derived only for tissue protein maintenance and depo-

sition during growth. Since it is not taken into account in

requirement models, it might be argued that the overestima-

tion of the requirement for growth through use of efficiency

values which are too low, compensates for the lack of any

specific requirement for length growth stimulation in the

requirement estimate. In any case few nutritionally complete

and sufficiently energy dense diets will provide intakes as

low as the MPR values of young children.

Critique of protein requirements for pregnancy

There are two reasons for concern over the new values for

pregnancy. Firstly as discussed in the report there are some

suggestions that protein supplementation during pregnancy

is associated with adverse outcomes. According to a meta

analysis of randomized controlled trials aimed at reducing

the incidence of small for gestational age (SGA)(32), trials of

balanced protein-energy supplementation, mainly conducted

in developing countries reduced the overall risk of SGA by

30 %, (RR ¼ 0·68, 95 % CI: 0·57–0·80) although only one indi-

vidual trial showed a statistically significant result. Also while

there was a tendency for increased birth weight the effect

was small and not significant (mean birth weight gain:

25·4 gm; 95 % CI: 23·62, 54·5). Of three trials of isocaloric

balanced protein supplementation, all showed a reduction in

mean birth weight and the one trial which reported risk of

SGA showed an adverse effect of supplementation. Finally a

trial of high protein supplementation conducted among

women of low socio economic status in the United States

increased the risk of SGA and showed nonsignificant

decreases in birth weight and increases in neonatal death.

The authors of the meta analysis concluded that high protein

supplementation during pregnancy may be harmful to the

foetus and should be avoided. In the new report, to avoid

this possibility the extra protein requirements for pregnancy,

(and lactation), are shown together with additional energy

requirements as indicated by FAO(33). This indicates a protei-

n:energy ratio of the extra protein and energy for the third tri-

mester of 23 %. While the report states that the additional

protein should be taken by consuming more of a normal

diet, rather than as supplements, achieving such intakes for

those populations who eat little meat may mean quite

marked dietary change; in some cases a doubling of their pro-

tein intakes, and on the basis of the above discussion on risk,

this may be problematic.

Secondly it is by no means a consensus view that extra

energy intakes of the magnitude assumed in the report

(i.e. the FAO recommendations of an extra 2 MJ/d in the

third trimester) are safe. Many women retain extra body fat

at the end of pregnancy and lactation(34) so that pregnancy

does to some extent contribute to the major public health pro-

blem of increasing body weight of women. For this reason, in

the UK a lower amount of additional energy in pregnancy

is recommended, namely a single daily increment of

0·8 MJ/day (191 kcal/day) in the last trimester(35). Thus on

the basis of this recommendation for energy these additional

recommended protein intakes are only achievable through

isocaloric replacement throughout pregnancy since during

the third trimester the extra energy and protein involves

Table 2. Efficiency of protein utilization (PPU) measured in 13C-1leucine oxidation studies1

Investigation Background Diet Test diet
PPU

Mean Sd

Protein intake2

4-6 adults egg & dairy protein Milk or egg
various intakes 2 weeks, 0·4-2·0 g/kg/d 0·95 0·23
Age and gender effects3

30 adults habitual mixed Milk protein 1·00 0·12
M & F, various ages
Protein quality
a) multiple small meal protocol4

6 adults habitual mixed Milk protein 1·00 0·09
Wheat 0·68 0·06

b) single large meal protocol5

6 adults habitual mixed Milk protein 0·93 0·02
Wheat 0·61 0·03

1 See ref 25 for details
2 No influence of background diet observed
3 No influences of age or gender observed
4 Wheat lower than milk (P,0·05)
5 Wheat lower than milk (P,0·05)
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a P:E ratio of 65 %. Whether this can be achieved especially for

those women at the lower end of the distribution of protein

intakes, without increasing energy intakes excessively, seems

to me quite doubtful.

Taken together these new values are in my view unsafe and

there is an urgent case for their revision.

Amino acid requirements of adults

A re-examination of the requirements for dietary indispensable

amino acids (IAA), was identified as a major part of the agenda

for the recent consultation. In the 1985 report (4) the major

concern had been to revise the adult protein requirement

and little attention was given at that time to the values for

amino acids. In fact that report included some new values

for the amino acid requirements of preschool children(36),

recalculated data on older schoolboys listed in the 1973

report and values for adults which had been reported in the

1973 FAO/WHO report. These latter values were based on

NB studies, many by Rose(37) in men, and other studies in

women all of which had been re-analysed by Hegsted(38)

and summarized by Irwin & Hegsted(39). Even though the

1973 report had stressed these adult values could be too low

and had not incorporated them into a scoring pattern the

1985 report did make use of them and published age-specific

IAA requirement and scoring patterns. These IAA requirement

values fell markedly with age for all amino acids, from over

50 % of total protein requirement in infants to only 16 % in

adults implying that for adults protein quality in terms of

biological value was not a nutritionally important issue.

This caused concern to several involved in the issue and by

the time the 1981 consultation was published in 1985 Young

and colleagues had initiated new stable isotope studies to

obtain better adult values which were to continue till his

death in 2004. An account of the development of these studies

has been described in detail elsewhere(40). They comprised a

major part of the information available to the recent consul-

tation, and some of them are briefly examined below. Pench-

arz and Ball also started a major series of studies which

continue today and these also contributed to the new

values(41). These are also discussed below. The other stable

isotope studies which also contributed were the 13C leucine

balance studies of wheat utilisation shown in Table 2, which

were used to derive a value for the lysine requirement(42,43).

All those who wrote on the subject agreed that the adult

1985 values were too low for a variety of reasons. The main

problem was that in all the nitrogen balance studies no allow-

ance had been made for miscellaneous nitrogen losses which,

although small, could have a marked influence on the equili-

brium value in balance curves with a shallow slope at equili-

brium. Lysine was an obvious example and original balance

data were re-examined by myself(13,44) and others(45). After

correcting for the miscellaneous losses, higher values were

indicated. This lead to a reanalysis of all the NB studies with

revised, mainly higher adult values(46,13). The new report con-

sidered these recalculated higher values to represent the best

estimates from nitrogen balance studies.

A summary of the adult dietary indispensable amino acid

requirements identified in the new report from a consideration

of both the available stable isotope studies and corrected

N balance studies is shown in Table 3 in comparison with

the original and recalculated NB studies from the 1973/1985

reports. The new stable isotope values are higher for lysine

(58 %), the aromatic amino acids (25 %) and especially the

branched chain amino acids (11-86 %).

Controversies and methodological problems with
establishing amino acid requirements

One major controversy had involved the theoretical prediction

of the amino acid requirement pattern from the magnitude of

the ONL and the pattern of tissue protein(47). We(24) had

suggested that during the mobilisation of tissue protein in sub-

jects on a protein free diet, the magnitude of the tissue protein

mobilised and the consequent ONL, would reflect the demand

for one limiting amino acid (that with the highest ratio of

demand for maintenance to its tissue protein concentration)

which most likely was methionine. We listed the magnitude

of the obligatory oxidative loss (OOL) for each IAA (i.e. the

amino acid content of an amount of tissue protein equivalent

to the ONL) and compared it with the 1985 adult IAA require-

ment pattern. This confirmed that methionine did have the

Table 3. Summary of the adult indispensable amino acid requirements

Amino acid 2007 report1 mg/kg per day 1985 report2 mg/kg per day Adjusted values3 mg/kg per day

Histidine 10 8–12 –
Isoleucine 20 10 18
Leucine 39 14 26
Lysine 30 12 19
Methionine þ cysteine 15 13 16
Methionine 10 – –
Cysteine 4 – –
Phenylalanine þ tyrosine 25 14 20
Threonine 15 7 16
Tryptophan 4 3·5 4
Valine 26 10 14
Total indispensable amino acids 184 93·5 143

1 ref 5
2 ref 4
3 Recalculated after adjusting N balance values for miscellaneous losses13
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highest ratio of requirement to tissue protein content with

tryptophan a close second. All other IAAs in the mobilised

protein would be, by definition, released from tissue protein

in excess of their demand for maintenance and would be oxi-

dised. However Young and colleagues considered this pattern

of the OOL could be the basis for the maintenance require-

ment pattern after its adjustment first by an increase in all

values to take account of an assumed 70 % efficiency of dietary

utilisation to meet such losses, and then, for some amino

acids, it was further adjusted with data from some early

stable isotope studies. This final pattern was adopted, as the

MIT requirement pattern, even though it had long been under-

stood that the IAA pattern for maintenance was quite different

to that for growth which was in effect what the MIT pattern

was based on. Importantly in terms of public health policy

the lysine content of the MIT IAA pattern was particularly

high, not as high as the adjusted OOL value, but a value of

30 mg/kg/d deriving from an early attempt to define lysine

requirements by a 13C tracer balance study(48).

The theoretical and experimental basis of the MIT pattern

was very controversial from the outset(13,46,49 –51) but was

always vigorously defended(52,53). In fact the critical review

of the methodology of measurement of amino acid require-

ments in the new report concluded that predicting require-

ment values from the ONL and OOL could not be done

apart for one limiting amino acid; such calculations were

made for methionine and were used with other stable isotope

data to define its requirement. In fact the persistence of

Young’s support for the MIT patterns is not just of academic

interest. This is because, according to the way all of the 24 h

oxidation studies are presented in the published reports, the

stable isotope studies appear to have been designed to sup-

port the MIT pattern values, as discussed below.

13C amino acid oxidation studies

The stable isotope studies of requirement values derive from a

range of methodologies the interpretation of which are by no

means straightforward. None involve widely used standar-

dized methods, in the way in which NB studies are employed.

This made their analysis quite difficult and the new report

reviewed the different approaches in some detail concluding

that “the estimation of human requirements for protein and

amino acids remains an inherently difficult problem” and “at

present, no method is entirely reliable for determining the

dietary requirement for indispensable amino acids.” The
13CO2 tracer studies in which the oxidation of a 13C labelled

test amino acid was used to assess the balance of the test

amino acid developed by Young and colleagues were from

the outset conceptually the same as NB studies: i.e. to assess

the intake which allowed balance in subjects fed graded

intakes of a test amino acid.

The initial 13C balance studies were multilevel intake studies

in the fed state of leucine, valine, lysine and threonine pre-

dicted to 24 hr having assumed a fasted level of oxidation.

There were several difficulties in conducting and interpreting

these studies which were recognised by Bier et al.(54), and

examined in detail at the time(24,49–51). The main ones

were a) the need for substantial amounts of the 13C “tracer,”

b) not knowing the precursor enrichment for 13CO2 production,

and c) the prediction of a 24 hour balance from measurements

made only in the fed state. In the case of lysine(48) the infusion

rate (0·5 mg/kg/h) was three times the value of the lowest

level of dietary lysine intake. An example of these

problems after recalculating the reported data is shown in

Fig. 6 in contrast with the original reported data. Recalculation

shows a zero balance (used as the proxy for the requirement),

at about 15 mg/kg/d, half the value of 30 mg/kg/d reported.

Their final methodology involved 24 hr 13CO2 tracer balance

studies. However instead of using 13C labelled test amino

acids, the 24 h balance of 13C-1 labelled leucine is measured

which can be done more reliably than for most other amino

acids. With a relatively small free leucine pool its balance is

assumed to be a measure of the balance of leucine in protein,

i.e. a direct equivalent of NB in studies of subjects fed purified

diets with crystalline amino acids with a pattern based on egg

protein, with varying levels of test amino acids (eg phenyl-

alanine, threonine, lysine, methionine and valine). These

studies were identified as representing the state of the art

but were by no means free from potential difficulties which

face all such stable isotope studies as I had pointed out

some years ago(13,44).

The other large body of stable isotope studies comes from

Pencharz and Ball who use the indicator amino acid oxidation

(IAAO) method which is described by its authors as free from

many of the problems associated with other tracer balance

studies(41). It is important to recognise that the approach of

Pencharz & Ball is fundamentally different from that of other

researchers in the field. Thus they make no attempt to discuss

their measurements within any framework of amino acid

requirements based on maintenance and growth stating:

“Fundamentally, all of the methods used are a surrogate for

measuring protein synthesis, which is hard to measure

directly”(41). This is a somewhat limited view of amino acid

requirements; one which would not include all components

of the metabolic demand. Such an approach is unlikely to
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be able to probe amino acid requirements for non protein

anabolic functions or, for example, in any of the areas of

ignorance highlighted by Reeds(55) such as intestinal amino

acid metabolism. In fact this methodology derives from

work used to identify the amino acid requirements for

growth in livestock such as pigs and aims to identify the

intake of the test amino acid which maximizes net protein syn-

thesis and minimizes oxidation of the indicator, 14C phenyl-

alanine at a “breakpoint” in the oxidation-test amino acid

intake plot. This is only very indirectly related to the overall

amino acid requirement within a requirements model based

on maintenance and growth. Because net protein synthesis

during a meal may be less intense than in a growing animal,

the demonstration of a breakpoint is in most studies quite

unconvincing as shown in Fig. 7 involving two studies of

the lysine requirement in children(56,57). This is also shown

for data on the lysine requirement obtained in adults during

the oral infusion of tracer(58) (Fig. 8).

In fact for both the 24 hr 13C balance studies and the IAAO

approach there is a major problem defining an end point in

their studies of balance or oxidation versus intake. For the

24 h balance studies with each subject studied after a week

or in one case 2 weeks on the test diet, the complex logistics

of the studies preclude a large number of intakes and there-

fore most but not all studies have been underpowered in

this respect. This is particularly important in the case of

lysine. It is the case that having identified a value for the

lysine requirement of 30 mg(48) and incorporated it into the

MIT pattern(47), all of the subsequent work appears from com-

ments in the published reports to have been aimed at verifying

this so that the studies with healthy Indian men(59) were only

performed with 4 or fewer intakes, e.g. 12 mg/kg/d (the 1985

requirement level), 20 mg/kg/d (the recalculated N balance

value), 30 mg/kg/d the expected value and one higher value

36 mg/kg/d. Thus none of the studies tested whether the

requirement value was between 20 & 30 mg/kg/d which

appears quite possible from the results reported (see Fig. 9).

Only in other studies examining chronically malnourished

adults was a wider range of intakes used including

25 mg/kg/d(60) although when these were reexamined after

treatment for intestinal parasites only intakes of 30 and

45 mg lysine were examined(61). In other 24 h 13C-1 leucine

balance studies of phenylalanine requirements(62) (see Fig. 10

discussed below), 8 different intakes were used so it remains a

puzzle why a wider range of intakes was not used in the

lysine requirement studies, arguably the most important in

terms of public health policy. As it stands the 24 h 13C leucine

balance studies show that the lysine requirement is no more

than 29 mg/kg/d and may be lower.

Although the design of the IAAO studies is such that more

test intakes can be given it is still the case that in some key

studies they are underpowered around the breakpoint. For

example in studies of the lysine intake of Indian(56) and Cana-

dian(57) children shown in Fig. 7 the required endpoint, a

breakpoint in 13CO2 excretion, is very difficult to identify

given the within- and between-subject variability. The authors

use two phase linear regression to identify breakpoints at

33·5 mg lysine/kg/d (A), and 35 mg/kg/d (B). However

repeated measures ANOVA reveals the change in oxidation

occurs at intakes of ,25 mg/kg/d in each case. More precision

would require more studies at intakes intermediate between

5 and 25 mg/kg/d. The same criticisms can be made of most

of these IAAO studies including lysine requirements of

adults(58,63), threonine requirements in young men(64) and of
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tryptophan requirements of young women(65). It is the case

that some statisticians and the authors of these studies argue

that the two phase linear regression approach is more appro-

priate for identifying the overall pattern of the dose response

data than ANOVA which just attempts to identify differences

between individual data points. However in my view any stat-

istical approach which identifies a break point which is not

apparent from simple inspection is flawed.

In the 24 hr 13C-1 leucine balance studies the authors also

use a two phase linear regression approach to identify a

breakpoint (e.g. in Fig. 9). In my view the statistical validity

of such an exercise with only 4 data points is even more

highly questionable than the overall issue of whether a two

phase regression approach involves bias when there are too

few points around the breakpoint and when actual changes

with intake are so small. Furthermore the SAS PROC MIXED

procedure which tests whether balance points within the

regression differ from zero appears to give different results

compared with simple testing. This is shown in Fig. 10, i.e.

24 hr 13C-1 leucine balance studies of the requirement for

the aromatic amino acids(62). Two-phase linear regression of

daily leucine balance against phenylalanine intake estimated

a breakpoint in the response curve at phenylalanine intakes

of 38 mg/kg/d, the same value predicted by Young et al.

from the oxidative losses (as discussed above for lysine).

However balance was achieved at intakes of 35 mg/kg/d

according to testing within the regression model and at

27-31 mg/kg/d according to my testing of the data as reported

in the paper. A more pragmatic and transparent interpretation

of these balance data as discussed above for the NB studies

shown in Fig. 4 might suggest a requirement value

<30 mg/kg/d. Finally in some of the IAAO studies reported

by Pencharz & Ball changes in plasma amino acid concen-

tration of the test amino acid also indicate that the “require-

ment” is met at lower intakes than indicated by the

regression model. This is shown in Fig. 11 for lysine in

men(63) and in Fig. 12 for tryptophan in women(65). In the

latter case the authors indicate that the changes in tryptophan

concentrations indicate a lower “requirement” of 2 mg/kg/d

than that from the phenylalanine oxidation i.e. 4 mg/kg/d,

arguing that “because the indicator amino acid technique is

a direct reflection of intracellular protein synthesis, it appears

likely that tryptophan availability for protein synthesis is still

limited despite an increase in plasma tryptophan concen-

trations”. My interpretation of the results is that both sets of

data point to similar breakpoints at about 2 mg/kg/d but the

regression technique is overestimating the breakpoint through

a statistical bias of the regression analysis, because the

approach is underpowered around the apparent breakpoint.
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Use of purified diets with crystalline amino acids in 13C-1
labelled stable isotope studies

Another issue which is seldom discussed relates to the amino

acid pattern of the crystalline amino acids which is fed in these

studies. In almost all cases a pattern based on egg protein is

fed at 1 g/kg/d. There is good evidence that the amino acid

pattern of egg, which is characterised by the highest pro-

portion of IAAs of any animal protein source (48 %), is limited

by dietary non-essential (dispensable) nitrogen (see 24). This

means that the requirement value obtained in these studies

is unlikely to be the minimum value because the overall

intake level is higher than the minimum protein level and

the unbalanced IAA/NEN ratio will reduce the efficiency of

utilisation of the test amino acid. How large this potential

error is likely to be is difficult to predict but what is clear is

that such an experimental design cannot be expected to ident-

ify the minimum IAA requirement.

Amino acid requirements of infants and children

As in the 1985 report, the new report endorsed the breast milk

content and intakes of amino acids as the best estimate of

amino acid requirements for infants ,6 months of age while

recognizing that such intakes may be generous compared

with actual demands. The amino acid composition of mixed

human-milk proteins was reported and intakes calculated

from these composition values on the basis that breast milk

protein intake was 75 % of total nitrogen intake. For older

infants and children, it was concluded at the time that no pub-

lished values could be considered sufficiently secure so that a

factorial approach to estimate amino acid requirements was

adopted. Since the report, Pencharz & Ball have reported

more studies on children such as the values shown in Fig. 6

but it is unlikely in my view that they would have been recog-

nised as sufficiently robust to serve as appropriate values. The

factorial model was based on the maintenance and growth

components of the protein requirement, and assumed the

pattern of maintenance amino acid requirements for infants

and children is the same as that for adults, and the pattern

of amino acid requirements for growth is given by the

amino acid composition of the whole body. Thus amino

acid requirements were calculated as the maintenance protein

requirement (g/kg per day) times the adult scoring pattern

(mg/g protein), plus amino acids deposited during growth,

i.e. the growth protein requirement times the tissue amino

acid pattern, adjusted for an efficiency of deposition of 0·58.

A summary of the amino acid intakes of breast fed infants

and requirement values of weaned infants, children and

adults compiled from the new report is shown in Table 4.

The implication of the higher IAA requirements in infants

and children than adults is that the biological value of plant

protein sources will be lower in infants and will rise with

age. However the efficiency value used to calculate the dietary

requirement for growth is low (0·58), and probably overesti-

mates the actual value as discussed above. This means that

the amino acid requirement for growth is probably overesti-

mated and the age related fall in the overall amino acid

requirements caused by the age related fall in growth is also

overestimated. The implication of this is that the expected

age related fall in the biological value of plant protein sources

with limiting amounts of some IAA (e.g. cereals which are

lysine limited) may be less than expected from the values

shown in Table 4.
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Conclusions

Most previous attempts by official committees to define pro-

tein and amino acid requirements have led to some degree

of controversy and the 2007 report will be no exception. My

own personal view about the overestimate of the require-

ments for pregnancy described above is one such issue. It is

also clear from the data discussed here that the adult amino

acid requirement values are likely to be overestimates.

A more complicated issue is the implications of the new

values for the prevalence of protein deficiency, (intake ,

requirement), in developing and developed societies. This

has been reviewed extensively elsewhere(66) and is discussed

in chapter 12 of the 2007 report and will be briefly summar-

ised here.

The implications of the new values for protein and amino

acid requirements for the adequacy of the human diet can

be evaluated by comparing the safe protein:energy ratio of

the requirements with what information there is on the protein

quality-adjusted protein intakes in developed and developing

countries. The characteristics of the P:E ratio of the require-

ments are to some extent counterintuitive because they are

much higher for the elderly than for young children. This is

because energy requirements fall with age to a greater

extent than protein requirements. P:E requirement values are

complicated. Values fall as physical activity increases, because

of the increasing energy needs. However values increase with

both increasing size, which lowers BMR and energy needs per

kg, and with female gender where BMR is lower. This means

that when protein intakes are low and protein quality is poor,

older large sedentary women are most at risk from protein

deficiency. This population group may have a P:E require-

ments ratio which is twice that of very young children, requir-

ing food with a much higher protein density ratio albeit

requiring less of it per kg body weight.

In India average dietary intakes adjusted for protein quality

on the basis of the age-related lysine scoring pattern, are

judged to provide low P:E ratios which increase from

0·061 at 6 months to 0·077 for adults. For UK vegetarians

comparable values rise from 0·096 to 0·102 and for UK omni-

vores are 0·126 for all ages. When these values are compared

with the P:E ratio of the requirement for various ages and

gender to estimate the prevalence of deficiency, it is clear

that there is a significant risk of deficiency for some popu-

lation groups in both countries. These include infants and

the majority of adolescent and adult groups in India and

many adult men and women UK vegetarian population

groups. Even the UK omnivore diet poses a marginal risk of

deficiency for large elderly sedentary woman.

One approach to this significant problem is to pursue risk

management by considering the need to increase the avail-

ability of adequate supplies of high-quality protein such as

legumes to those populations at risk of deficiency. This has

been suggested by some(67), on the basis that the lysine

requirement has been underestimated which implies lysine

intakes to be inadequate. It is the case that the new increased

lysine requirement effectively reduces the available protein in

the Indian diet by 13 % in adults.

However in my view such risk management approaches

need to take more account of the uncertainty in the require-

ment values. Without wanting to dismiss the possibility that

there is a genuine problem, the risk assessment exercise

described in the report and elsewhere(66) must be questioned

given that it not only identifies significant risk where it might

be expected, but also where it would not be expected: i.e. in a

UK population which would otherwise be generally con-

sidered as well nourished. The lysine requirement values are

uncertain and as discussed above those values obtained in

the studies which were used as the basis for the new require-

ment value of 30 mg/kg are likely to be an overestimate. The

direct assessment of utilization of animal and plant protein

sources generally fails to identify much difference (none was

found in the meta analysis used by the report). Long-term

nitrogen balance studies based on wheat protein or on

wheat and potato protein based diets indicated body weight

and fitness maintenance at lysine intakes of either

17 mg/kg(68) or 24 mg(69). Given that the 13C-leucine balance

Table 4. Amino acid requirements of infants children and adults

Patterns: mg/g protein His Ile Leu Lys SAA AAA Thr Trp Val

Breast milk 21 55 96 69 33 94 44 17 55
Growth1 27 35 75 73 35 73 42 12 49
Maintenance2 15 30 59 45 22 38 23 6 39
Age (months) Amino acid intakes (mg/kg per day)3

1 36 95 165 119 57 162 76 29 95
3 23 60 105 75 36 102 48 19 60

Age (yr) Amino acid requirements (mg/kg/d)4

0·5 22 36 73 63 31 59 35 9 48
1-2 15 27 54 44 22 40 24 6 36
3-10 12 22 44 35 17 30 18 5 29
11-14 12 22 44 35 17 30 18 5 29
15-18 11 21 42 33 16 28 17 4 28
. 18 10 20 39 30 15 25 15 4 26

1 Amino acid composition of whole-body protein
2 Adult maintenance pattern
3 Values derived from protein intakes (75 % crude protein) multiplied by the average amino acid content as mg/g

protein.
4 Sum of amino acids contained in the dietary requirement for maintenance (maintenance protein £ the adult scoring

pattern) and growth (tissue deposition adjusted for a 58 % dietary efficiency of utilization £ the tissue pattern)
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studies in Fig. 9 suggest that even within this experimental

situation the adult lysine requirement could be 25 mg/kg

there is an urgent need for further research. If lysine needs

were 25 mg/kg or lower and if the factorial model for the

requirements for children used 70 % rather than 58 % for the

efficiency for growth, then the lysine requirements of adults

and most children (3-10) would be lower by 17 % or more.

This would allow needs to be met by some of the better

cereal varieties such as QPM maize which contains 40 mg

lysine/100 g protein(70), and which have been shown to main-

tain adequate growth in children(71).

In any case the calculated deficiency risk would be different

within an adaptive metabolic demand requirement frame-

work. In this case protein intakes and requirements are corre-

lated and the extent of between-individual variability is likely

to be lower than that indicated in Fig. 2 and each of these fac-

tors would markedly reduce calculated risk of deficiency(72).

However, the incorporation of adaptation into a protein

requirements model poses difficult questions in terms of risk

management and the development of public health nutrition

policy. In the context of providing advice on safe diets,

there is little merit in departing from the current approach.

Certainly caution should be exercised in any recommendation

which proposes that lower intakes of foods containing protein

be considered safe. Many key micronutrients and minerals

accompany dietary protein so that as protein intakes fall so

does dietary quality in general. Although the evidence base

for an influence of protein intakes above the requirement

level on health is very limited(73), evidence for its positive

influence on bone health in the elderly is growing(74). Also

height growth in children may require protein intakes above

that which just provides for maintenance and protein

accretion.

The report concludes its review of the implications of the

new values for policy formulation, stressing the clear and

urgent need for continuing research into processes and mech-

anisms which enable maintenance of an appropriate lean

body mass and general health and wellbeing to be achieved

on protein intakes as habitually consumed. It is the case that

assessment of dietary adequacy in these terms is unlikely to

be possible without a much better understanding of adaptive

mechanisms. This and a much better understanding of the

overall impact of dietary protein for long term health would

enable the risk of deficiency to be defined in terms other

than maintenance of N balance.
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