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Variability in the metal content of human organs

H. M. PERRY, JR.,, M.D.,* 1. Il. TIPTON, Pu.D., H. A. SCHROEDER,
M.D., and M. J. OOOK, M.A. St. Louis, Mo.,, Knozville, Tenn., Hanover, N. H.,
and Oak Ridge, Tenn.

The concentrations of the casential metals: magnesium, caloium, manganese, iron, copper,
sino, and molybdenum in human organs were found to be more constant than the concen-
trations of the presently noncssential mctals: strontium, barium, aluminum, titanium,
vanadium, chromium, nickel, silvcr, ocddmium, tin, and lecad. For the former the 80% range
of concentrations for each motal in cnoh organ, crpressed as nincticth percentile/tenth
pereentile, was usually less than 3.5 and aimost always less than 7.0. For the latter the
rangcs werc uswally greater than 7.0 and often greater than 14. These ranges were
equally valid for liver, kidney, lung, aoria, heart, spicon, and brain of 150 healthy adults
who died suddonly and wnezpectedly in tho Unitcd States. The ranges for the sams organs
of 100 adults, many of whom were chronioally ill, from 8 different parts of Africa, Adsia,
and Europe were similar but somowhat larger. Tho lwo populations were more olike with
respect to the absolute concentrations of easential than of noncssential metals. In dboth
populations aluminum and titanium wore strikingly acoumulated in the lung and cadmium
n the kidney. -

N ine chemical elements which occur in concentrations greater than onc
part per thousand comprise over 99 per cent of protoplasm. Nine more elements
which occur in smaller concentrations are known to have specific biologic fune-
tions. These 18 elements are designated essential. At least a score of additional
elements are also present in small but measurable concentrations in many mam-
malian tissues. They are currently designated nonessential since they are not
now known to be required for any biologic function.

Although the essential elements are vital to living systems, the concentrations
of some which are present in relatively small amounts and of most nonessential
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Table I. Ranges of metal concentrations in organs of Americans adults (frozen tissue)®

10th and 90th

Mctal Liver | Kidncy | Lung
Kasential

Mg 340-750 2030-080 260-550
Un 55-170 . 130-430 160-400
Mn ! 1.0-4.0 0.82-2.7 0.15-0.81
Fo 95-430 ) 72-200 200-940

Tu 5.0-21 3.0-5.4 1.4-2.8
Zn 34-92 49-120 13-27
Mo 0.33-1.5 0.21-0.50

Nonesacential

Sr 0.008-0.040 0.033-0.14 0.050-0.19
Ba < .001-0.015 < .001-0.029 0.029-0.29
Al 0.62-4.4 0.51-3.0 29-190
Ti < .1-0.33¢ < .1-0.12¢ 1.0-15
v < .02-0.26
Cr < .002-0.071 < .002-0.087 0.063-0.95
Ni < .09-0.194 < .09-0.19+ < .09-0.48
Ag 0.0091-0.030 < 0009-0.0093 ¢ < .0009-0.0046¢
Cd 0.53-3.0 13-45 < 4-0.89
8n ' 0.041.-0.62 0.042-0.39 0.093-0.93
Pb 0.20-1.2 0.21-1.1 0.062-0.68

*Concentrations are expreossed as micromoles of metal per gram of tissue ash. Values cited

?_nr: Himit of detectn.blllty and ninetieth percentile. Therefore < indicates that less than 90

nndlcate that less than 50 per cent of the values, and blanks Indicate that less than 10 per

elements in human tissues have not been well defined. Mcthodologic problems are
partially responsible; chemical assay is cumbersome since elements must be
treated individually, while spectrographic analysis for many elements simultane-
ously is frequently less aceurate. In addition, data which have been colleeted by
diffcrent workers are often not casily correlated because the concentrations are
expressed in units which are not comparable. Finally the few available surveys
of many elements have not been performed systematieally ; in particular, most of
the populations examined have been chosen beeause of their convenience to
highly industrialized areas where exposure may be unusual.

Large and unexpeeted differences in the coneentrations of individual metals
in human organs have recently been observed.'? Tn seeking associated phe-
nomena, a study was made of several variables, including the subjects’ geo-
graphic origin, age, sex, race, and diseasc. Despite shortcomings, both in the
techniques of collection and in the methods of analysis, some striking correlations
between the first two of these variables and metal concentrations were found,
such as those reported for renal cadmium.?

Turther examination of the extensive data which have been presented clse-
where' * revealed a marked difference in the. variability of concentrations of
essential and nonessential metals. The material presented here involves 18 metals
which are found in relatively small amounts but which are readily assayed by
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Peroentiles
dorta Jeart Sploen Brain
890-820 450-050 200-010 240-500
700-2000 56-200 70-200 82-240
0.073-0.31 0.22.0.73 0.091-0.35 0.18-0.58
29-120 61130 160-750 an-80
0.79-2.8 3.8:7.0 11-2.0 3.8-8.0
1743 31-59 15-29 8.0-17
0.17.0.89 0.012-0.081 0.012-0.068 0.0057-0.049
0.018-0.12 < .001.0.020 < .001-0.024 < .001-0.013
0.76-5.2 0.37-2.8 0.36-4.4 0.22-14
< .1-0.52¢ < .1-0.10¢ < .1-0.20¢
- < .002.0.19 < 003-0.16 < .002-0.062 < .002-0.028
< .09-0.34% < [09-0.46¢ < .09-0.0001
< .0009-0.0098 < .0000-0.0048% & .0009-0.0040 1 < 0009-0.015
< 4-0.534 < 4044
0.042-0.32 < .04-0.23 < .04-0.29
0.17-14 < .03-0.087 0.033-0.43 < .02-0.19

are tenth and ninetieth percentlles of the sample except where < occurs, in which case values cited
per cent of the values equalled or exceeded the minimum measurable concentration of a particular

cent of the values, equalied or exceeded the minimum measurable concentrations.

emission spectrography. Their concentrations are considered in 7 human organs.
The presentation is designed to emphasize marked differcnees in the observed
ranges of concentrations for individual mctals, in particular the greater con-
stancy among essential as compared with nonessential ones. The same spectro-
graphic assay technique was used throughout in order to render all resuits
comparable. Absolute values of concentrations arc cited for purposes of orienta-
tion, but they are justified elsewhere.*

Two autopsy populations were examined. The first reflects the situation in
urban United States and consisted of apparently healthy American® adults.-The
second was intenticnally made diverse with respect to geographic origin and
henee to race, environment, and also disease; it consisted of foreign® adults many
of whom had been chronically ill. Since, in addition to the different method of
choosing subjects, the tissues from the United States were preserved by freezing
and the foreign ones with formalin, the analytic results for the two populations
have been treated separately.

Materials and methods
Material for analysis was obtained from 150 Americans over 20 years of age who had
no evident disease prior to their sndden accidental deaths. One hundred and ten were Caucasoid

*Throughout the presentation the term *“American” refers to subjects from the United
States and the term ‘‘foreign” to subjects from the eastern hemisphere.
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Table I1. Range (80 per cent) of metal concentrations in American organs®

D0th/10th pereentile

Metal Liver | Kidncy | Lung | dorta | IHoart | Spleon | Brain
Kascutial
Mg 2.2 1.9 3.1 2.1 2.1 2.1 2.1
Ca 3.1 a3 2.5 2.0 3.7 2.8 2.9
Mn 4.0 33 5.4 4.2 3.3 3.8 3.2
Fo 4.5 2.8 4.7 4.0 2.1 4.7 2.2
Cu 4.1 1.8 2.0 3.8 18 1.8 2.1
Zn 2.7 2.4 2.1 2.5 1.9 1.9 21
Mo 44 24
Noncarential

8r 5.0 4.3 3.8 5.2 8.5 55 8.8
Ba > 18 S 29 10 68 >20 > 24 > 13
Al 71 5.9 6.3 13 7.0 12 8.3
Ti 18 ’

v > 13

Cr S 36 > 44 S 15 > 95 > 80 > 31 > 19
Ni :

Ag 33 S 10 > 10 > 17
Cd 8.7 34

Bn 15 .8 10 78 7.3

Ph 4.2 5.2 11 8.2 13 > 905

*Whenever the value of the tenth percentile was below the minimum measurable concen-
" trution, the full 80 per cent range for a metinl in a tinsue could not be determined.
In this situation, a valuc for the 30 per cent range has been tabulated only if the
ninetieth percentile led the mini rable tration by a factor of at
least 7. The > indicates that the tabulated vaiues are minimum ones of this type.

and the rest woro Nogroid; 112 were men. Thoy crme from 8 large metropolitan areas scattered
throughout tho continental United Btates. Their average nge was 44 years, Further data about
mce, scx, and geographic origin are not presented here beeauso they were not obviously correl-
ated with motal concentrations; however thoy are tabulated clsewhere.d Although, even among
adults, metal content varied somewhat with age,® the cffect was relatively small and is not
considered here; however, it too is tabulated clsewherel A sample of every organ was not
available for every subject, but more than 100 samples each of liver, kidney, lung, aorta, heart,
spleen, and brain wero collected.

Matorial for analysis was also obtained from 100 subjccts over 20 years of age from
8 different geographic arcas of Africa, Asia, and Europe: Ruanda-Urundi, Nigeria, India,
Formosa, Thailand, Hong Kong, Japan, and Bwitzerland. Race, age, scx, and some information
about the cause of death have proviously been tabulated for 05 of these subjects.3 A sample of
every organ was not available for every subject, but 67 or more samples each of liver, kidney,
lung, aorta, hesrt, spleen, and brain were collected. Moreovor at least 5 samples of each organ
wero collected from 7 of the 8 geographic areas; no aortas and only two brains were obtained
from Ruanda-Urundi.

All samples wero collected at autopsy and individually preserved, the American ones by
freczing and the foreign omes in metal-free formalin as previously described.? All samples
were ashed by the same technique in ons laboratory; all of the preserving formalin was ashed
with each foreign sample.s The ash was then analyxed spectrographically by hoth anode and
cathode layer techniques for a total of 18 metals, 7 essential and 11 noneasential. The details
of the analytic method, including standardization, recovery, and reproducibility, are described
elsewhere.t For most concentrations of most metals, the standard deviations of the levels found
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on repeated assay were less than 20 por cent of the amount known to be present; morcover
precision described in this way did not depend on econcentration.t
In tabulating the data, each of the 18 metals in ench of the 7 organs was considered
soparately. For ench of the resulting 126 enses, the higheat 10 per cont and the lowest 10 per
cont of the individunl concontrations were direarded in order to avoid a disproportionate affect
from n fow aberrant results, Tho only nbsolute concentrntions eited belaw are the resulting
vilues for the tenth nnd ninetieth percentilos of the snmples or the limits of detectability whon
tenth porcentiles wero not measurnble. Tho 80 per cent ranges of concentrations are ratios of
" the ninotieth to the tenth porcentiles. When this range wns narrow for o particular metal in @
particular organ, most subjects had relatively similar concentrations. On the other hand, a
large range indieated that concentrations varied considerably from subject to subject.

Results

American organs preserved by freezing. Table I cites the range, tenth and
ninetieth percentiles, of concentrations for cach of 18 metals in-cach of 7 organs.
The rclatively low concentrations of the nonessential metals are obvious. Marked
accumulations of eadmium in the kidney and of aluminum, titanium, and per-
haps vanadium in the lung refleet unusually high organ specificity.

Table II indicates the 80 per cent range of concentrations, ninetieth per-
centile/tenth percentile, for cach metal in cach organ. Essential metals tended to
have smaller ranges than nonessentinl ones. Specifically, of the 44 ranges tab-
ulated for essential metals, three fourths were less than 3.5 and nonc exceeded

- twice that value, in fact none exceeded 5.5. In contrast, of the 50 ranges in which
nonessential metals had at least a 50 per eent oceurrence, most were greater than
7.0 and a quarter exceeded 14.

Foreign organs preserved in formalin. Table III cites tenth and nineticth
percentiles for each metal in cach organ. The formalin-preserved foreign tissues
resembled the frozen American tissues more clorely with respeet to essential than
nonessential metals. The minimum coneentrations of the former were particularly

- similar and the maximum concentrations of the latter particularly dissimilar.
Omnty for splenic mangancse and aortic copper among the essential metals did
the American and foreign tenth percentiles differ by a factor of more than £;
whereas the tabulated ninetieth percentiles of nonessential metals usually differed
by a factor of more than 2. Morcover in 11 instances, all involving barium,
aluminum, and titanium, the foreign ninctieth percentiles were more than 5
times the American values. Of the nonessential metals investigated, lead was
much” more concentrated in Amecrican than in foreign aortas, but tin was the
only metal more concentrated in scveral organs of thc American subjeets.
- Chromium, nickel, silver, and cadmium in addition to barium, aluminum, and
titanium were more concentrated in several organs of the forcign subjcets.
- Unusueally high concentrations of renal cadmium and pulmonary aluminum,
titanium, and probably vanadium were again observed. Moreover cadmium was
4 times as concentrated in the liver as in any other organ except the kidney ; this
distribution characterized the American as well as the foreign material. The high
orgen specificity of the other 3 nonessential metals may have involved aortas as
well as lungs. ' )
Table IV indicates ninetieth percentile/tenth percentile for each metal in
each organ. A comparison with Table II indicates that ranges of concentrations
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were larger for the foreign organs than for the American organs. In general,
however, the ranges continued to be smaller for essential than for nonessential
metals. Specifically, for most essential metals, the tabulated ranges were less
than 3.5; only 2, both involving iron, exceeded 7.0. In contrast for most non-
essential metals, the tabulated ranges were at least 14; only 5, three of which in-
volved strontium and one barium, were less than 7.0.

The variations in concentrations tabulated above could presumably be
lessened by more precise analytic techniques and more homogeneous sampling.
Although it might seem ideal to limit subjects to healthy individuais who died
suddenly and accidentally, as was attempted for the Americans, and to limit
samples to single types of cells, or perhaps single fractions of such cells, it was
difficult to obtain even the less adequate material considered here. The difference
in the method of preserving the American and the foreign material was ap-
parently relatively unimportant; analyses of both frozen and formalin-preserved
kidney and liver from 24 subjects failed to show significant differences related
to method of preservation. The data for cadmium and zine have previously been
presented® and are typical of the data for the other 16 metals considered here.

Since the populations under discussion had no recognized deficiency of es-
sential trace metals nor toxicity from nonessential ones, the observed 80 per cent

Table IIT. Ranges of concentrations in organs of foreign adults (formalin-preserved

10th and 90th

Metal Liver | Kidney i Lung
Essential
Mg 300-820 450-720 300-600
—Ca 82-250 160-450 170-600
Mn 1.5-4.2 0.73-2.0 0.25-1.3
Fe 95-570 68-200 200-680
_Cu 7.7-32 3.1-16 1.6-8.5
Zn 44-230 35-175 13-36
Mo 0.53-1.7 0.14-0.42
Nonessential
8r 0.018-0.075 0.047-0.16 0.073-0.16
Ba < .001-0.12 0.018-0.17 0.068-0.34
Al 1.5-18 1.1-31 49-330
Ti < .1-0.49% < .1-0.841 0.72-21
v < .02-0.27
Cr 0.0039-0.16 0.010-0.27 0.10-1.1
Ni < .09-0.39¢ < .08-0.46 < .09-0.68
Ag < .0009-0.033 < .0009-0.0092 < .0009-0.0069+
cd < 4-6.7 5.2-62 < 4-1.34
8n < 04-0.241 < 04-0.241 < .04-0.62
Pb 0.14-1.4 0.077-0.72 0.077-0.75

*Numbers in italics indicate where American and foreign tenth or ninetieth percentiles differed by
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ranges of the metals placed some limits on concentrations incompatible with
normal function. Control mechanisms required to assure corrcet amounts of
essential trace metals for specific vital processes may explain the relatively small
ranges of concentrations of such metals among the entire group of subjects
examined. The greater upper limits of concentration that were found for most
nonessential trace metals among foreign as compared with American subjects
may reflect the chronic illness of the former, but more probably it reflects their
wider exposure to unusual environmental conditions associated with their wider
geographic distribution.

The apparently universally high pulmonary concentrations of aluminum and
titaninm in adults may well oceur because these metals enter the body pre-
dominantly via the respiratory tract where they are immobilized. By analogy
with equine kidney,® it sccms likely that the renal cadmium is strongly bound
to a protein, but the underlying reasons for the predilection of this metal
for kidney remain unexplained. Finally, the arbitrariness of the distinetion be-
tween essential and nonessential metals must be re-emphasized. Chromium, with
its cffect on glucose metabolism,” seems particularly likely to be transferred from
the nonessential to the essential category. Vanadium, which is essential in some
protovertebrates and which increases both phospholipid®* and monamine oxida-
tion® in mammalian tissues, is another candidate for such a transfer from non-
essential to essential.

tissue)*
Pereentiles
Adorta [ Hecart Spleen Brain
230-920 430-860 270-590 260-490
360-1900 75-350 67-200 67-290
0.11-0.69 0.27-0.086 0.19-0.74 0.26-0.62
20-260 61-200 130-1300 47-94
1.3-1¢ 3.4-8.5 1.2-3.8 4.7-10
15-54 26-49 15-36 8.7-27
0.12-0.87 0.014-0.19 0.013-0.11 0.0064-0.096
0.036-0.50 0.017-0.24 0.009-0.18 0.015-0.19
0.94-51 0.87-20 0.95-18 0.38-10
< 1-2.8 < .1-0.52¢ < .1-0.69¢ < 1-0.42%
< 02-0.065
< .002-0.59 0.0058-0.38 < 002-0.14 0.003-0.12
< .09-0.85 < 09-0.38¢ < .09-0.31¢ < 09-0.241
< .0009-0.032 < .0009-0.011% <..0008-0.012¢ < .0009-0.022
< 4-1.31 < 4-0.68 < 4-1.1¢
< 04-0.21 < 04-0.13¢ < 04-0.11¢
< J02-0.18 & 02-0.26 0.023-0.48 < .02-0.20¢

a factor of more than 3. Otherwise, the conventions are those of Table I.
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Table IV. Rango (80 per cent) of metal concentrations in foreign organs®

80th/10th percentile

Mctal Liver I Kidney l Luwgy J Aorta T Ilcartj Spicen I Brain
Kasential
Mg 2.1 16 2.0. 4.0 2.0 2.2 1.0
Cn 4.0 28 - 3.8 5.2 4.7 4.4 4.4
Mn 2.8 2.8 6.3 8.3 3.2 3.0 2.4
Fe 6.0 3.9 34 88 - 3.2 10 2.0
Cu 4.1 ' 8.0 5.3 6.1 28 3.2 2.2
Zn 53 . 5.0 2.8 3.8 1.9 24 3.1
Mo 33 3.0
Nonesscatial .

8r 41 3.4 2.2 7.2 14 8.2 15
Ba > 120 0.3 5.0 14 14 20 13
Al 14 28 8.7 54 > 23 19 26
Ti > 8.4 20 > 23

v . >4

Cr 41 28 11 > 300 70 > T4 40
Ni 7.6 9.4

Ag > 37 > 10 ST >38 >12 > 13 > 24
cd > 17 12

8n > 16 .

Ph 10 9.4 9.7 8.0 13 21 > 10

*Conventions are the same as in Table 1L

Table V. Differcneces in the metal coneentration of infant and adult organs
{frozen American tissucs)®

Liver v Ilidney Lung
10th and 30tk 10th and 90th 10th and 90th

pereentiles Infant pereentiles Infant percentiles Infant
Mctal {adults) median (adults) median (adults) median
Ca 55-170 420.
Fe 05-430 970 72-200 610
Cu 1.4-28 8.1
Ba < 0.001-0.029 0.061
Al £29-190 28
Ti < 0.10-0.12 0.63
Cr < 0.002-0.071 0.38 < 0.002-0.087 0.81
Ag 0.0091-0.030 1.3 < 0.0009-0.0040 0.010
Ca 13-45 < 04
8n 0.083-0.93 < 0.04
Pb . 0.21-1.1 0.10

"*The figures are micromoles of metal per gram of tissue ash. Numbers in italics indicate
when the infant median was more than 10 times the adult ninetleth percentile or less
than one tenth of the adult tenth percentile.

The collection of tissues from Africa was supported by Grant H-2577 to Dr. Perry by
the National Heart Institute, United States Public Health Bervice. The collection of tissucs
from Europe and Asia was supported by a grant-in-aid to Dr. Schroeder by the Lasdon
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Foundntion, Yonkers, New York. The following physicians eollected the tissues: David
MeNaught and George Ogura, Denver, Colorndo; W, M. Nickey, Jr., Richard M. Nunnally,
and Ernest Booth, Dallns, Texas; W. A. ). Anderson, Robert J. Poppiti, and Ben C. Willard,
Jr., Miami, Floridn; Russcll 8. Fisher, Baltimore, Maryland; Geoffrey T. Mann, Richmond,
Virginin; Gale B, Wilson and lrving Schulberg, Scattle, Washington; Charles 1'. Larson,
Tacomn, Washington; Albert E. Warren and Henry D. Moon, San Francisco, Californin;
Walter H. Shelidon and Darrell Ayer, Atlanta, Georgin; Francois C. Reubi, Bern, Switzerlnnd ;
Andre Piraux, Usumbura, Ruanda-Urundi; 8. G. Cowper, Lagos, Nigerin; V. R. Whanolkar,
Rombny, and G. 8. Mitel, New Delhi, India; Nong Ting, Taipei, Formosa; Pradit Tansurat,
Bangkok, Thailand; Hou Pae-Chang and C. C. Lin, Hong Kong; Tetsuro Yokoyama nnd
K. Bugai, Tokyo, and Hisato Yoshimura and M. Araki, Kyoto, Japan. The ashing of the
tixaues was done at the Ilealth Physics Division of the Oak Ridge National Laboratory, Onk
Ridge, Tennessee, by K. K. MeDaniel under the supervision of Miss Cook. The spectrographic
analysin of tissuc wans dono nt the Department of Ihysics, University of Tenncssee, Knox-
ville, Tennessee, by Dr. Tipton with the technienl assistanec of Johanna Foland, Johanua
Rittner, and Sare Fentress. The metal-free formalin was prepared through the courtexy of
Dr, I'aul Austin, E. I. du Pont do Nemours & Co., Inc., Wilmington, Delaware.

Addendum,. There are no extensive data for children comparable with those presented
for adults; however, the livers, kidneys, and lungs of 10 infants who died in 8t. Louis Chil-
dren’s or Maternity Hospitals at less than one month of age give some measure of the changes
in metal content which depend on age. Theso organs were preserved in the rame manner as
those of the American adults and were analyzed hy the same laboratory with the same tech-
niques; but, unlike the American ndults, the patients were all from ouno geographic area anl
they were not healthy immediately prior to demise.

Table V indicates the 14 instances when the median value for the infants was more
than twice tho ninctieth percentile or less than half of the tenth percentile previously eited
for American adults. For renal cadmium and pulmonary aluminum, the infant medinn was
less than one tenth of the adult tenth percentile, suggesting that these metals accumulated
during childhood. Tho significanco of the markedly inercased hepatic silver in infants ix not
clear.
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