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Abstract
Summary In 30 adults, increasing intake of aromatic amino
acids increased calcium excretion and serum IGF-1, but not
indices of bone turnover, when compared with similar
increases in intake of branched-chain amino acids. The
mechanisms involved are not certain but these findings
suggest a role for the calcium sensor receptor.
Introduction In contrast to branched-chain amino acids
(BCAAs), aromatic amino acids (AAAs) bind to the
calcium sensing receptor (CaR) and thus have an increased

potential to affect calcium homeostasis. In this study we
compare the effects of increased intake of AAAs versus
BCAAs on calcium excretion, serum IGF-1, markers of
bone turnover, and 4-hr calcium excretion after an oral
calcium load.
Methods After two weeks on low-protein metabolic diets,
30 healthy subjects were randomized to a fivefold increase
in intake of AAAs or BCAAs for two weeks. Changes in
calcium excretion and other measures were compared in the
two groups.
Results With the increase in amino acid intake, 24-hr
calcium excretion (P=0.027), IGF-1 (P=0.022), and 4-hr
calcium excretion after an oral load (P=0.023) increased
significantly in the AAA relative to the BCAA group.
Group changes in turnover markers did not differ
significantly.
Conclusion In comparison with BCAAs, AAAs promoted
calcium excretion. The calciuria does not appear to result
from increases in bone resorption and may occur by
increasing calcium absorption. The AAAs also increased
circulating levels of IGF-1. Collectively these findings
raise the possibility that AAAs may selectively influence
calcium homeostasis through their interactions with the
CaR.
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Branched-chain amino acids . Calcium excretion . IGF-1

Introduction

Dietary protein has varied and complex effects on calcium
metabolism. It increases urinary calcium excretion and this
generally occurs in proportion to the accompanying acid
load [1]. Chronic ingestion of a dietary acid load leads to a
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mild metabolic acidosis in the elderly as their renal function
declines and they become less able to excrete hydrogen
ions [2]. Metabolic acidosis reduces osteoblastic activity [3]
and increases osteoclastic activity [4]. In addition, it
promotes bone resorption through a direct physicochemical
effect on bone [5]. Dietary protein has also been reported to
increase calcium absorption [6, 7] although this has not
been a consistent finding. Thus the calciuria observed on
high protein intakes is thought to result from a combina-
tion of increased bone resorption and increased calcium
absorption.

A potential mechanism by which protein may influence
calcium absorption and calcium excretion involves the
calcium sensing receptor (CaR). Conigrave et al. observed
that aromatic but not branched-chain amino acids activated
the CaRs in embryonic kidney cells transfected with human
CaRs [8]. CaRs are present on many tissues including the
kidney and parietal cells [9, 10] and antral G cells [11]. In
rat whole stomachs studied ex vivo, the aromatic amino
acid phenylalanine activated CaRs located on parietal cells
and significantly lowered gastric luminal pH, whereas the
branched-chain amino acid, leucine did not [12]. The
effects of individual amino acids, taken orally, on calcium
excretion, markers of bone turnover, and calcium absorp-
tion are unknown.

Ingestion of protein also stimulates the production of the
growth factor, IGF-1 [13, 14]. Little is known, however,
about the effect of specific amino acids on the hepatic
production of IGF-1.

The objective of this study was to determine and
compare the effects of equimolar increases of aromatic
and branched-chain amino acids on changes in 24-hr
calcium excretion and serum IGF-1 in healthy older men
and women. To explore potential mechanisms for any effect
on calcium excretion, we assessed changes in biochemical
markers of bone turnover and 4-hr calcium excretion after
an oral calcium load in these subjects.

Materials and methods

Subjects

The subjects were healthy men and postmenopausal
women, aged 51 yr and older. They were recruited through
direct mailings and local newspaper advertisements. Tele-
phone prescreening was used to identify subjects with low
usual protein intakes and to determine general eligibility.
Exclusion criteria included protein intakes >0.75 g/kg/d (to
facilitate compliance with the low protein diets during the
study), any history or disorder known to alter calcium
metabolism; therapy with a glucocorticoid for >10 days in
the last 3 months, growth hormone, hormone replacement

therapy, or other drugs to treat osteoporosis in the last
6 months, current use of insulin or diuretics, renal disease
including kidney stones in the past 5 years or renal tubular
acidosis, hyperparathyroidism, untreated thyroid disease,
adrenal disease, rheumatoid arthritis, lupus or other
autoimmune disorder, unstable angina or myocardial
infarction in past 6 months, active malignancy or cancer
therapy in the last year. Screening evaluation included
blood and urine tests. Subjects were excluded if their
screening 24-hr urine calcium was >300 mg, femoral neck
bone mineral density Z score was below −2.0, or a
Chemscreen value was >10% outside of the reference
range.

Fifty-three subjects were screened, 34 were eligible, 4
subjects dropped out (reasons: one did not like the food,
one started a diuretic, one had a family crisis, and one gave
no reason), and 30 subjects completed the 24-day study.
The human investigation review board at Tufts University
approved the study, and written informed consent was
obtained from each subject.

Experimental methods

All subjects were asked to stop taking their own calcium
and vitamin D supplements from 1 wk before the screening
visit to the end of the study. Subjects were randomly
assigned to the BCAA or AAA groups. All subjects
consumed the same low-protein metabolic diets throughout
the study. Low protein diets were used in order to achieve a
low intake of the test amino acids. On days 13–24, subjects
in the BCAA group consumed a fivefold g-molar increase
in the amino acids leucine (leu) and isoleucine (ileu) and
subjects in the AAA group consumed a fivefold increase in
intake of the amino acids phenylalanine (phe) and histidine
(his). These two AAAs were selected because Conigrave
found them to have the highest potency as agonists of the
CaR [8]. The two BCAAs with the lowest potency were
selected for the comparison group [8]. The low and high
amino acid intakes were set to represent the first and 99th
percentiles of the test amino acids usually consumed in the
U.S., according to NHANES III [15].

All subjects took three tablets of calcium citrate, each
containing 200 mg of elemental calcium, daily, two with
breakfast and one with the evening meal. They also took
one multivitamin daily containing 400 IU of vitamin D3.
The supplements were purchased as single lots from CVS
Pharmacy. Fasting blood and 24-hr urine specimens were
collected at entry, on day 13 (baseline), and on day 24 (end
of the high amino acid period). The change in urine calcium
excretion over 4-hrs after an oral calcium load was assessed
on days 13 and 24. Compliance was assessed at all visits by
pill count and by compliance calendar and food diary
checks, as recorded by the subjects.
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Diets

All food and caloric beverages were provided by the
Metabolic Research Unit. The contents of the base diets,
calculated with use of version 4.05 of the University of
Minnesota Food and Nutrient Database 34, released in May,
2003, are shown in Table 2. Subjects received the same
constant base diet, as a 3-day cycle menu, on days 1–24.
On days 13–24, the amino acids were added isocalorically
(by reducing the fat and carbohydrate content of the base
diet) and without changing the sodium content of the diet.
The amino acids were incorporated into casseroles, vege-
table spreads, fruit shakes, and desserts for palatability.
They were consumed in roughly equal portions at the three
meals each day. Amino acids were synthesized by Ajino-
moto in Raleigh, NC, were food grade, and were purchased
from Sigma-Aldrich Co., St. Louis, MO. The aromatic and
branched-chain amino acid samples were analyzed inde-
pendently by Covance Laboratories, Inc, in Madison, WI
and found to contain 95 to 99 % of the expected amounts.
Subjects came in at least three times per week to be
weighed and to pick up their food. Subjects completed
daily food intake diaries that were reviewed by the research
dietitian at each visit.

Biochemical measurements

Bloods were drawn after a 12-hr fast and samples from
individual subjects were batched for analyses. Serum 25
(OH)D and osteocalcin were measured with radioimmuno-
assay kits from Diasorin (Stillwater, MN). Serum PTH was
measured by immunoradiometric assay (Nichols Institute
Diagnostics, San Juan Capistrano, CA). Urinary N-telopep-
tide levels were measured with competitive-inhibition
enzyme-linked immunoabsorbent assay kits from Ostex
International (Seattle, WA). The coefficients of variation
(CV) for these assays ranged from 2.7 to 7.7%. Serum IGF-
1 was measured with radioimmunoassay kits from Nichols
Institute Diagnostics (San Juan Capistrano, CA) with intra-
and inter-assay CVs of 3.5% and 6.8%, respectively. Serum
calcium was measured by Cobas Mira centrifugal Analyzer
(Roche Instruments, Belleville, NJ) and 24-hr urinary
calcium on a Nova Nucleus Chemistry Analyzer (Nova
Biochemical, Waltham, MA) with CV of <3%. Serum
gastrin levels were measured by radioimmunoassay kits
(Gastrin I125 Double Antibody Kits, ICN Biomedical, Costa
Mesa, CA). The intra- and inter-assay CVs are 5.3 and
8.8%, respectively. Urinary sodium, potassium, and calci-
um were measured by direct-current plasma emission
spectroscopy with a Spectraspan 6 (Beckman Instruments,
Palo Alto, CA). Urinary nitrogen was measured with a
model FP-2000 nitrogen/protein determinator (LECO, St.
Joseph, MI). This instrument employs a Dumas combustion

method and detection using a thermal conductivity cell. It
measures nitrogen with a precision of 15 ppm. NAE was
measured in 24-hr urine collections by a modification of the
Jorgensen titration method [16], as described by Chan [17].

Net acid excretion (NAE)=Titratable acid (TA) + Ammo-
nium (NHþ

4 ) - Bicarbonate (HCO�
3 ). Briefly, TA-HCO3 was

assessed after addition of HCl, boiling the sample, and then
titrating the sample to neutral pH. To measure the NHþ

4 ,
formol was added to the sample to release a H+ from NHþ

4

and the sample was again titrated to neutral pH. All titrations
were carried out with a TIM 900 Titration Manager by
Radiometer Analytical (Hach Inc., Loveland, CO). The
precision of NAE measurements in our laboratory was
determined by analyzing aliquots of a single 24-hr urine
collection on 15 different days. The aliquots were stored
frozen at −20 degrees Celsius for 4 to 9 months and thawed
only once. The CV of the NAE measurements was 10.9%.

Calcium excretion after an oral calcium load

After a 10-hr fast, subjects collected urine from 6 to 8 AM,
consumed 600 mg of calcium as the citrate at 8 AM, and
collected urine from 8 AM to noon. To reduce the impact of
subject-to-subject variability in bone turnover (which
increases at night and contributes to morning urine calcium)
and other factors that influence fasting morning urine
calcium, the 4-hr calcium excretion (collected from 8 AM

to noon) was adjusted for the calcium content of the earlier
bout (collected from 6 AM to 8 AM). The measurements on
days 13 and 24 were done on constant diets (except for the
amino acid interventions) and at the same times of day, to
minimize within- subject variability. We have expressed the
result as the 4-hr urine response to an oral calcium load, in mg.

Statistical analyses

Mean values of urinary calcium excretion at days 13 and
24, and the mean changes in these values from days 13 to
24 were compared across amino acid groups with t-tests for
two independent samples. Two-sided P values less than
0.05 were considered to indicate statistical significance.
Analysis of covariance was used to compute and compare
means adjusted for covariates across amino acid groups and
to investigate potential interactions. Statistical analyses
were conducted with SPSS v. 13 (SPSS Inc., Chicago, IL).

Results

Main results

The clinical and biochemical characteristics of the 30
subjects, by group, are shown in Table 1. There were a
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few more women in the AAA group but the groups did not
differ significantly in any of these characteristics. The
composition of the basal metabolic diet for all subjects is
given in Table 2. The amino acid and total protein content
of the diets in the two groups during the enrichment period,
days 13–24, is shown in Table 3. Compliance with the
calcium supplement exceeded 92% and with the multivita-
min exceeded 97% during the periods of days 1–12 and
days 13–24 and did not differ significantly by group.

Unadjusted group mean laboratory values on days 13 and
24 are shown in Table 4 and mean change in these measures
(day 24-day 13), adjusted for baseline value and weight, are
shown in Table 5. Mean 24-hr calcium excretion at baseline
did not differ significantly in the two groups (Table 4), but
the changes in the two groups in response to increased

amino acid intake differed (Table 5). Calcium excretion
increased by 11±9 mg in the AAA group and decreased by
20±9 mg in the BCAA group (P=0.027 for difference in
change, after adjustment for baseline value and weight; see
Table 5). Adjustment for sodium excretion, sex, and serum
IGF-1 did not substantially alter these differences.

Serum IGF-1 levels did not differ significantly in the two
groups on the low amino acid intakes (day 13) but the
pattern of change differed on the higher amino acid intakes:
IGF-1 increased by 11±5 ng/ml in the AAA group and
decreased by 8±5 ng/ml in the BCAA group, P=0.022,
after adjustment for baseline value and weight (see Table 5).

There were no significant group differences in baseline
24-hr urinary sodium, potassium, or in nitrogen or net acid
excretion and no significant differences in changes in these
measures during the study.

Exploration of mechanisms

There were no group differences in the biochemical
markers of bone turnover, 24-hr urinary NTX or serum
osteocalcin, on day 13 and no statistically significant
differences in the changes in any of these measures when
amino acid intake was increased (Tables 4 and 5).

Calcium excretion over the 4-hr period after a 600 mg
oral calcium load, adjusted for preload calcium excretion,
didn’t differ significantly between the two groups on day 13
but on day 24, it was higher in the AAA group than in the
BCAA group (P=0.038, see Fig. 1).

Serum PTH tended to be higher in the branched-chain
group at entry (data not shown) and throughout the study.
Increasing intake of the two types of amino acids had no
significant effect on serum levels of PTH, calcium, or gastrin.

Discussion

Increasing from low to high intake of aromatic and
branched-chain amino acids had significantly different
effects on calcium excretion, the primary outcome of this
study in healthy older men and women. The change in
calcium excretion was significantly more positive in the
AAA than in the BCAA group. We purposely avoided

Table 3 Amino acid content of the metabolic diet on days 13–24, by
amino acid group (Mean ± SD)

Nutrient, g/kg/d Aromatic Branched-chain

Isoleucine 22.6±0.3 121.6±11.2
Leucine 37.7±0.6 214.2±20.6
Phenylalanine 106.7±0.7 21.8±0.3
Histidine 71.6±0.3 12.8±0.3

Table 1 Clinical characteristics of the 30 subjects on day 1, by amino
acid group (Mean ± SD)

Aromatic Branched-chain

N 15 15
Female (N) 11 9
White (%)a 86.7 80.0
Age (yr) 63.1±10.1 62.8±7.9
Height (cm) 163±9 168±8
Weight (kg) 70.0±10.8 72.8±10.1
Femoral neck BMD (g/cm2)b 0.98±0.19 0.95±0.13
Dietary protein intake (g/d)b 55.7±20.8 54.2±17.2
Dietary calcium intake (mg/d)b 774±412 617±231

No group differences were statistically significant.
a There were 2 Hispanics and 1 black in the branched-chain group and
1 Hispanic and 1 black in the aromatic group.

bMeasured at screening.

Table 2 Nutrient content of the metabolic diet during the low protein
diet, days 1–13, by amino acid group (Mean ± SD)

Nutrient Aromatic Branched-chain

Energy (kcal) 2350±330 2452±331
Total fat (g) 87±14 90±13
Total carbohydrate (g) 369±50 389±51
Total protein (g/kg/d) 0.50±0.00 0.50±0.01
Total protein (g)a 34.9±5.4 36.2±5.0
Total dietary fiber (g) 20.3±3.4 21±2.5
Vitamin D (mcg)b 2.7±0.3 2.6±0.1
Calcium (mg)c 601±4 595±7
Phosphorus (mg) 755±85 751±105
Sodium (mg) 2674±507 2774±475
Potassium (mg) 2089±229 2147±217

a Content of isoleucine, leucine, phenylalanine, and histidine was 1.6±
0.2, 2.6±0.4, 1.5±0.2, and 1.1±0.4 g/d in the aromatic group and 1.6±
0.2, 2.7±0.4, 1.5±0,2, and 0.9±0.1 g/d in the branched chain group,
respectively.

b Supplemented with 10 mcg of vitamin D3, as multivitamin, daily.
c Supplemented with 600 mg of calcium, as citrate, daily.
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using sulfur-containing amino acids in this study because of
the link between sulfur content and calcium excretion.

The observed difference in change in calcium excretion
could have originated from group differences in dietary
compliance particularly with calcium or sodium rich foods
(determinants of calcium excretion), from differential

Table 5 Mean change in laboratory values from day 13 to day 24, by
amino acid group (Mean ± SEM)

Δ day 24-day 13a

Aromatic Branched-chain

N 15 15
Serumb

Osteocalcin (ng/ml) −0.43±0.26 −0.31±0.26
25(OH)D (ng/ml) −0.23±0.56 0.46±0.58
PTH (pg/ml) −2.05±3.12 4.32±3.12
IGF-1 (ng/ml) 11±5 −8±5c

Total calcium (mg/dl) 0.16±0.09 −0.01±0.09
Gastrin (pg/ml) −3.0±2.9 −5.6±2.9
24-Hr Urineb

Calcium (mg) 11±9 −20±9d

N-telopeptide (nmol) −5±8 3±8
Sodium (mg) −36±153 −280±153
Potassium (mg) 56±89 −7±89
Nitrogen (g) 1.24±0.36 0.97±0.36
Nitrogen (g/kg/d) 0.02±0.018 0.01±0.023
Net acid excretion −0.22±1.36 −0.63±1.36

a Adjusted for weight and baseline (day 13) value.
bMetric to SI conversions: osteocalcin ng/ml×0.172=nmol/L; 25(OH)D
ng/ml×2.496=nmol/L; PTH pg/ml×0.106=pmol/L; IGF-1 ng/ml×
7.649=nmol/L; albumin g/dl; total calcium mg/dl×0.250; gastrin
pg/ml×1=ng/L. Urine calcium mg/24 h×0.025=mmol/d; sodium
mg/24 h×0.044=mmol/d; potassium mg/24 h=0.026 mmol/d; nitro-
gen g/24 h×71.38=mmol/d.

c Change in groups differs at P=0.022.
d Change in groups differs at P=0.027.

Fig. 1 4-hr urine calcium response to a 600 mg calcium load at
baseline (day 13) and after 10 days on the increased amino acid intake
(day 24) in the branched-chain (open circles) and aromatic amino acid
(closed circles) groups. * indicates significant group difference on day
24 (P=0.038). Unadjusted 4-hr urine calcium values for the AAA and
BCAA groups on days 13 and 24 were similar but more variable and
not statistically significant (p=0.389)

Table 4 laboratory values on days 13 (low protein diet) and 24 (enriched amino acid) by amino acid group (Mean ± SD)

Day 13 aromatic Day 13 branched-chain Day 24 aromatic Day 24 branched-chain

N 15 15 15 15
Seruma

Osteocalcin (ng/ml) 7.50±4.79 7.85±2.48 7.10±4.37 7.51±2.47
25(OH)D (ng/ml) 23.2±7.1 21.1±5.7 22.7±6.5 21.6±4.9
PTH (pg/ml) 41.9±23.2 54.4±16.6 42.1±18.4c 56.5±19.9
IGF-1 (ng/ml) 117±48 115±35 128±61 107±35
Total calcium (mg/dl) 8.95±0.44 8.87±0.41 9.11±0.54 8.87±0.32
Gastrin (pg/ml) 69.0±88.7d 37.9±8.2 60.2±55.5d 38.0±7.7
24-Hr Urineb

Calcium (mg) 150±68 136±77 160.0±79.9 117.8±77.4
N-telopeptide (nmol) 107±43 145±103 104±35 146±101
Net acid excretion (mmol/l) 2.22±4.80 4.18±6.79 2.45±4.48 3.10±6.75
Sodium (mg) 1730±452 2098±1155 1826±596 1687±625
Potassium (mg) 1274±303 1371±494 1357±372 1336±474
Nitrogen (g) 5.29±1.25 7.16±3.50 6.7±1.8 8.0±3.2
Nitrogen (g/kg/d) 0.08±0.02 0.10±0.05 0.10±0.03 0.11±0.05

aMetric to SI conversions: osteocalcin ng/ml×0.172=nmol/L; 25(OH)D ng/ml×2.496=nmol/L; PTH pg/ml×0.106=pmol/L; IGF-1 ng/ml×7.649=
nmol/L; albumin g/dl; total calcium mg/dl×0.250; gastrin pg/ml×1=ng/L

bMetric to SI conversions: calcium mg/24 h×0.025=mmol/d; sodium mg/24 h×0.044=mmol/d; potassium mg/24 h=0.026 mmol/d; nitrogen
g/24 h×71.38=mmol/d.

c Groups differ at P<0.05.
d Values after an outlier was removed are 47.2±28.5 (day 13; P for group difference=0.007) and 47.2±28.5 (day 24; P for group difference=0.01).
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effects of the two types of amino acids on bone turnover,
from differential effects on calcium absorption or renal
handling of calcium (CaRs are known to be present in the
gut and kidney), or it could have occurred by chance. Of
note, changes in urinary calcium excretion can occur
without affecting the overall calcium economy. Group
differences in degree of compliance with calcium supple-
ments and with the metabolic diets seem unlikely to
account for the observed difference in change in calcium
excretion. Compliance with the calcium supplements and
with the diets was high by self report and adjustment for
differences in sodium excretion did not alter the results.
There was no significant difference in change (and no
change) in serum osteocalcin or urinary N-telopeptide in
either group, making it somewhat unlikely that the two
types of amino acids had differential effects on bone
turnover. Although 12 days is not sufficient time to see
maximal changes, dramatic changes in biochemical markers
of bone turnover have been documented in similar short
intervals [18, 19]. A primary effect of the AAAs on renal
handling of calcium can not be excluded.

We did not measure calcium absorption, but to the extent
that the increment in calcium excretion after the 600-mg oral
calcium load given after a 10-hr fast reflects absorption, the
greater increment in the AAA group is consistent with the
possibility that the AAAs promoted calcium absorption,
relative to the BCAAs. If so, this provides a potential
explanation for the mechanism by which the AAAs could
selectively promote calcium excretion. The urine calcium
excretion after an oral load has been validated as an index of
calcium absorption in other contexts (different calcium
loads, different populations, with and without concurrent
renal function assessments) [20, 21], but the specific variant
we used has not been validated.

Increasing the intake of AAAs, when compared to
increasing intake of BCAAs, induced an increase in serum
IGF-1 levels in this study. Hepatic production of IGF-1 is
under the influence of protein intake [13, 22]. However the
effects of aromatic versus branched-chain amino acids on
circulating levels of IGF-1 in humans have not to our
knowledge been examined. Based on recent evidence, the
effect of dietary amino acids on IGF-1 seems to be
independent of insulin [23]. Currently there is no solid
basis for relating the observed difference in change in IGF-
1 to the CaR, but this is a possibility. Canaff and colleagues
have demonstrated that CaRs are present in the rat
hepatocyte, the cell where IGF-1 is produced and that
activation of these CaRs promotes the flow of bile [24].
These authors noted the clinical correlation that subjects
with familial hypocalciuric hypercalcemia (FHH), a condi-
tion resulting from a genetic defect in the CaR, have an
increased incidence of gall stones [25]. Notably, in a small
group of six subjects from two kindreds with FHH, basal

levels of IGF-1 were low in two and below the midpoint of
the reference range in the other four subjects [26]. These
patients also had an impaired growth hormone response to
provocative stimulation, which could also have influenced
their IGF-1 levels. Our findings are consistent with the
possibility that AAAs stimulate IGF-1 relative to BCAAs.

This study has limitations and a larger and longer study
is needed to confirm the findings. A low protein only group
would be useful to define more clearly the individual
effects of aromatic and branched-chain amino acids on
calcium metabolism. A measurement of true calcium
absorption is also needed. The use of metabolic diets
represented an effort to standardize intake. The lack of
significant group differences in net acid excretion and in
urinary excretion of sodium, potassium, and nitrogen
provide some evidence that compliance with the diet was
similar in the two groups. However, it is notable that
urinary potassium was lower than expected in both groups
suggesting some degree of non-compliance, most likely the
subjects avoided some of the fruits and vegetables that were
on their diets. The low levels of nitrogen excretion in the
two groups suggest that subjects did not consume signifi-
cant amounts of protein on their own. Compliance with low
protein diets is plausible because a low usual protein intake
was one of the entry criteria for the study. Despite these
limitations, the study does suggest that further investigation
of the role of individual amino acids in calcium and bone
metabolism may be productive.

In conclusion, when compared with BCAAs, increasing
intake of AAAs caused greater urinary calcium excretion. The
increase does not appear to have resulted from increased bone
resorption and may have resulted from increased calcium
absorption. Compared with BCAAs, the AAAs also promoted
an increase in serum IGF-1, suggesting that selected amino
acids may be responsible for the well-known trophic effects of
dietary protein on IGF-1 levels. The selective effects of the
AAAs observed in this study may be operating through the
CaR but this remains to be demonstrated.
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