
Cadmium: In vivo Measurement in Smokers and Nonsmokers 

Abstract. Absolute amounts of cadmium (in milligrams) in the left kidney and con- 
centrations of cadmium (micrograms per gram) in the liver were measured in vivo in 
20 healthy adult male volunteers. Organ cadmium levels of smokers were significant- 
ly elevated above those of nonsmokers. No relationship was evident between body 
stores of cadmium (liver and kidney) and cadmium or f3s-microglobulin in urine or 
blood. The average total body burden of cadmium in man at age 50 is estimated to be 
19.3 milligrams for nonsmokers and 35.5 milligrams for smokers (38.7 pack-year 
smoking history). Biological half-time for the whole body was, on average, 15.7 years 
(10- to 33-year range). Dietary absorption was 2.7 micrograms per.day. Cigarette 
smoking resulted in the absorption of 1.9 micrograms per pack. 

Short- and long-term effects of occu- 
pational exposure to cadmium have been 
observed for many years (1). The general 
population, however, is also exposed to 
cadmium. Combustion of coal and oil 
contributes to the level of cadmium in 
the environment, and it also appears that 
solar energy technology may add to the 
contamination. Trace amounts are pres- 
ent in air, water, food, and tobacco. In 
the nonindustrialized areas, dietary in- 
take and smoking are the major routes of 
exposure. 

Overt pulmonary and renal dysfunc- 
tion has been observed in workers indus- 
trially exposed to cadmium (1-3). The 
potential consequences of increased life- 
time exposures to low levels of con- 
tamination in the general population are 
not known. However, autopsy studies 
have revealed increased cadmium levels 
in individuals who had emphysema (4), 
hypertension (5), and Itai-Itai disease 
(6). 

For a study of the long-term effects on 
humans of low levels of cadmium and of 
the possible role of cadmium in chronic 
diseases, it is essential that accurate data 
on existing levels and distributions of 
cadmium body burden be available. 
These data are necessary for the formu- 
lation of dose-response relationships at 
low levels of exposure, and also to serve 
as reference data for monitoring changes 
in the body burden of future populations. 

Data on cadmium in the tissues in man 
have been derived primarily from autop- 
sy studies; at age 50, an American has an 
estimated average body burden of 30 mg 
(1, 7). Cadmium distribution in the body 
is nonuniform, approximately half being 
located in the kidneys and the liver. The 
kidneys retain the largest absolute 
amount and also have the highest con- 
centration. The high degree of local- 
ization within these organs has made 
possible direct in vivo measurements of 
cadmium in man (8, 9). 

The partial body neutron activation 
(PBNA) technique is brief and non- 
invasive, and it carries minimal risk (lo- 
calized dose of 0.067 rad). It is based on 

SCIENCE, VOL. 205, 20 JULY 1979 

the specific nuclear properties of 113Cd, a 
naturally occurring stable isotope (12.2 
percent abundance). This isotope has a 
high probability (20,000 barns) of captur- 
ing thermal neutrons. In the capture pro- 
cess, excited 114Cd is produced which, in 
turn, promptly decays (<10-14 second) 
to the ground state. This de-excitation is 
accomplished by the emission of a cas- 
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cade of gamma rays, which are detected 
externally to the body. As the gamma 
rays are emitted promptly after neutron 
capture, the subject must be irradiated 
and counted simultaneously (Fig. 1). Pri- 
or to the irradiation, the organs are accu- 
rately located by means of an ultrasonic 
scanner. Present detection limits are 2.5 
mg for the kidney, and 1.5 txg/g for the 
liver (8). 

The cadmium content of the liver and 
left kidney of 20 healthy male volunteers 
was measured by PBNA. Levels in the 
urine and blood plasma were measured 
by graphite furnace atomic absorption 
spectrophotometry preceded by wet ash- 
ing (10); f32-microglobulin levels were 
measured by a radioimmunoassay tech- 
nique (11). Analysis of variance (12) for 
correlations among organ content, blood 
and urine concentration, and i2-micro- 
globulin data showed a significant rela- 
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Fig. 1. At the top of the figure is a diagram of the experimental setup for in vivo measurement of 
liver cadmium in man. The subject is positioned over the collimated neutron beam (238Pu-Be 
neutron source). Two large-volume Ge(Li) detectors are positioned to the side of the subject. 
Extensive shielding is provided to prevent the detectors from directly viewing the neutron 
source. The lower portion of the figure shows a gamma ray spectrum of cadmium in the left 
kidney of a smoker (age 52). The counts are for a single detector and represent approximately 
4.1 mg of cadmiium. 
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Table 1. Physical characteristics and cadmium data for 20 healthy male volunteers. 

Parameter All volunteers Nonsmokers Smokers 
(N = 20) (N 8) (N 12) 

Age* 51 ? 9 52 + 9 50 + 9 N.S.t 
Weight* (kg) 81.2 + 16.5 83.5 + 15.5 78.5 + 17.0 N.S. 
Height* (cm) 174 + 9 175 + 8 173 + 10 N.S. 
Plasma cadmium* (j/g/liter) 2.2 + 1.0 1.6 + 0.8 2.5 + 1.1 N.S. 
Urinary cadmium* (gg/liter) 2.3 + 1.2 1.7 + 1.0 2.7 + 1.3 N.S. 
Plasma 2-microglobulin* (mg/liter) 1.6 + 0.5 1.7 + 0.2 1.5 + 0.6 N.S. 
Urinary ,32-microglobulin* (jg/liter) 91 +86 50 ? 38 119 + 127 N.S. 
Kidney cadmiumt (mg) 4.5 (1.9) 3.1 (2.0) 5.8 (1 7) 0.05 
Liver cadmiumt (,/g/g) 2.9(1.6) 2.3 (1.6) 4.1(1.6) 0.05 
Total body cadmiumt (mg) 28.5 (1.6) 19.3 (1.5) 35.5 (1.6) 0.01 
Smoking index* (pack-years) 38.7 + 17 
Years of smoking* 27 ? 8 

*Arithmetic mean ? standard deviation. tN.S. = not significant (P < .05), t-test. :Geometric mean 
(standard deviation). 

Table 2. Dietary and inhalation absorption rates based on kidney and liver cadmium data. The 
data for body burden are expressed as geometric mean (standard deviation); the numbers in 
parentheses under biological half-time represent the range; and the time of exposure is given as 
the arithmetic mean + standard deviation. 

Daily Body Biological Time of 
source of burden half-time* exposure Absorton 
cadmium (mg) (years) (years) 

Diet 19.3 (1.6) 14.7 (10 to 37) 52 + 9 2.7 g/day(< 4 percent)t 
Cigarettes 16.2 (1.6)t 16.5 (11 to 33) 27 + 8? 1.9 g/pack(47 to 95 percent)II 

*ti,2 = 14.7 years for nonsmokers, t,12 = 16.5 year for smokers. The range of values is also given. tDaily 
diet contains 75 to 100 tg of cadmium. tAdditional body burden of smokers = 35.5 to 19.3 
mg. ?Average number of years of smoking cigarettes. IIInhaled cigarette smoke contains 2 to 4 ,jg per 
pack. 

tion only between kidney and liver cad- 
mium levels (r = .6, P < .01). Although 
the urinary excretion of cadmium was 
elevated when kidney content was high 
(on a group basis), the scatter of the data 
was too large to permit the kidney bur- 
den to be predicted for an individual. No 
relation was found between the level of 
cadmium in the blood and that in kidney 
or liver. 

Since cigarettes contain approximate- 
ly 2 /zg of cadmium each (13), it was of 
interest to consider the body burden of 
smokers and nonsmokers separately 
(Table 1). The pack-year index, defined 
as number of packs of cigarettes smoked 
per day times the number of years of 
smoking, was used to estimate the cad- 
mium exposure due to cigarette smoking 
(14). The smokers had a mean smoking 
index of 38.7 pack-years, with an aver- 
age daily consumption of 1.4 packs. Al- 
though the mean values for the organs, 
urine, and f82-microglobulin were higher 
for the smokers (Table 1), only the kid- 
ney and liver levels of cadmium were sig- 
nificantly elevated (t-test). The amount 
of cadmium in these tissues of cigarette 
smokers was, on average, approximately 
double that of nonsmokers. In this study, 
the average increment in smokers was 
2.7 mg for the kidney and 1.8 /ug/g for the 
liver. When adjusted for smoking his- 
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tory, the increase per pack-year was 
0.112 ? 0.05 mg for the kidney and 
0.077 ?+ 0.065 /tg/g for the liver. The 
smokers increased their body burdens by 
680 ,ug per pack-year above the amount 
of cadmium accumulated through dietary 
ingestion. 

This report presents not only the first 
direct in vivo measurements of kidney 
and liver content of cadmium in man, but 
also the first data for a nonoccupa- 
tionally exposed population. Data 
from the group under study demonstrate 
significant differences for organ cad- 
mium levels between smokers and non- 
smokers. The group was not, however, 
sufficiently large to support analysis of 
age-related variations. The data suggest 
that an adult American male nonsmoker 
(age 52) has a total body burden of ap- 
proximately 19 mg of cadmium (assum- 
ing that kidneys and liver represent 50 
percent of the total body burden). A 
smoker (age 50, with a smoking history 
of 38.7 pack-years) may have an average 
total body burden of 35 mg of cadmium. 
Thus, on the basis of these limited data, 
it appears that cigarette smoking may 
double the body burden of cadmium in 
man. 

Once body burdens of cadmium are 
known, the biological variables of whole- 
body half-time, dietary absorption, and 

inhalation absorption from cigarettes can; 
be calculated. A biological half-time of 
15.7 years (range 10 to 33 years) for the 
whole body was derived from total body 
burden data and daily cadmium excre- 
tion data (15). The amount of cadmium 
retained by dietary ingestion is 2.7 uxg/ 
day (16). If the dietary cadmium intake is 
75 to 100 ,tg/day, then the gastrointesti- 
nal absorption would be less than 4 per- 
cent (Table 2). Similar calculations based 
on the additional body burden of 16.2 mg 
for smokers in this study imply an in- 
halation dose of 1.9 ,/g per pack (17). Us- 
ing autopsy samples, Lewis et al. (18) es- 
timated the absorbed dose of cadmium at 
1.4 ,ug per pack. Conversion of these val- 
ue_ to a percent absorption is more com- 
plicated than in the case of dietary reten- 
tion. Any estimate must be based, in 
part, on animal data and the use of smok- 
ing machines. Friberg et al. (1) estimated 
that 2 to 4 /xg of cadmium is inhaled from 
smoking one pack of 20 cigarettes. Ex- 
trapolation of values from Menden et al. 
(13) would lead to 2.0 to 2.4 jtg per pack. 
Lewis et al. (18) report a range of 0.75 to 
3 ,ug per pack. Our calculations (19) 
agree with those of Friberg et al. (1). 
Thus, if we assume that 2 to 4 ,/g of 
cadmium is in the inhaled smoke of one 
pack of cigarettes, the percentage ab- 
sorption ranges from 47.5 to 95 percent. 

In previous attempts to estimate the 
kidney and liver cadmium levels in living 
man have been based on indirect mea- 
surements of blood and urine cadmium 
levels. Our study indicates no significant 
relationship between blood or urine data 
and kidney or liver burden of cadmium. 
The in vivo measurement technique ap- 
pears to be the most reliable means avail- 
able for the determination of cadmium in 
the liver and kidney. The application of 
this technique to the study of patients 
with chronic diseases may serve to clari- 
fy the role of cadmium in these diseases. 
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Ketone Bodies Are Selectively Used by Individual Brain Regions 

Abstract. Close study of 3-hydroxybutyrate uptake by brain suggests that its me- 
tabolism is limited by permeability. Furthermore, the permeability characteristics 
vary from region to region; areas known to have no blood-brain barrier show the 
highest rate of utilization. The results imply that rather than substitute fuels, ketone 
bodies should be considered supplements which partially supply specific areas but 
are incapable of supporting the entire energy requirement of all brain regions. 
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Ketone bodies have been shown to be 
an alternative fuel of brain energy metab- 
olism. Unlike glucose, they do not ap- 
pear to be metabolized freely by all cere- 
bral areas. Instead, their metabolism ap- 
pears to be restricted by transport across 
the blood-brain barrier. This phenome- 
non may explain several observations 
and alter some of our current concepts. 

In normal, well-nourished sedentary 
mammals the ketone bodies 3-hydroxy- 
butyrate and acetoacetate are present in 
low circulating concentrations. Yet there 
are physiological and pathological cir- 
cumstances under which their concen- 
trations rise appreciably and they be- 
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come an important respiratory fuel. In 
addition to elevation during fasting and 
diabetes, increased concentrations of ke- 
tone bodies occur during pregnancy, 
during prolonged exercise, in persons 
eating high-fat diets, in uremia, during 
the perinatal period, and during infancy 
(1, 2). A novel situation is the recent 
popularity of diets consisting almost en- 
tirely of fats and proteins, where prog- 
ress is monitored not only by weight loss 
but by the presence of ketone bodies in 
the urine (3). 

Late in the 19th century the detection 
of ketone bodies in blood and urine of 
diabetic patients, coupled with the dis- 
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covery that ketosis occurred when fatty 
acids were oxidized, led to the belief that 
ketone bodies were undesirable side 
products of fatty acid degradation (4). 
The discovery by Lynen and co-workers 
(5) in the 1950's that acetoacetate and 3- 
hydroxybutyrate were not direct prod- 
ucts of fatty acid degradation, but were 
synthesized by a separate pathway under 
close biochemical control, led to a re- 
evaluation of the physiological role of 
these metabolites. In 1961 Krebs (6) pre- 
sented the view that "the finding that ke- 
tone bodies are ready substrates of respi- 
ration suggests that their presence in the 
circulating blood serves to supply tissues 
with a fuel of respiration; their function 
is analogous to that of glucose and the 
nonesterified fatty acids." Many labora- 
tories confirmed this statement, and the 
concept of "physiological ketosis," 
whereby acetoacetate and 3-hydroxy- 
butyrate are considered to be normal and 
useful metabolites (7), is now generally 
accepted. 

Consumption of ketone bodies dimin- 
ishes the demand for glucose, reducing 
the necessity for gluconeogenesis and 
concomitant degradation of protein. The 
most notable example of this is the situa- 
tion in the human brain. Originally it was 
thought that brain relied only on glucose 
as a fuel of respiration. However, Owen 
et al. (2) pointed out that humans can 
starve for more than 4 to 6 weeks. They 
reasoned that if brain used only glucose 
during this period, all of the protein in 
the body would be consumed, since 
body carbohydrate stores are meager 
and the primary substrate for gluco- 
neogenesis is protein. By determining ar- 
teriovenous differences across brains of 
humans starved for 40 days, Owen et al. 
(2) proved that ketone bodies provided a 
large additional source of energy. In fact, 
under these circumstances, ketone bod- 
ies became the major fuel for brain me- 
tabolism, accounting for about 60 per- 
cent of the energy requirement. Sub- 
sequently, it was shown not to be 
necessary to postulate that this was an 
enzymatic adaptation by brain. William- 
son et al. (8) demonstrated conclusively 
that the necessary enzymes were always 
present in amounts greater than required 
(9, 10). Furthermore, these enzyme acti- 
vities were not changed by starvation 
or diabetes. Physiological experiments 
showed that ketone bodies could be and 
were used as soon as they appeared in 
the circulation, the most important de- 
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that ketone bodies are at least a partial 
substitute for glucose, it is an open ques- 
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