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EVIDENCE OF ALUMINUM LOADING IN INFANTS RECEIVING INTRAVENOUS THERAPY
AILEEN B SepMan, M.DD., Gorpon L. KL, M ., RusseLt . MegrriTT, M.D., P.D., Nancy L. MivLLEr, M.S,,

K O. Weser, B.S.N., Wirniam L.

Abstract To investigate the possibility that premature
infants may be-vulnerable to aluminum toxicity acquired
through intravenous feeding, we prospectively studied
plasma and urmary aluminum concentrations in 18 prema-
ture infants receiving intravenous therapy and in 8 term
infants receiving no intravenous therapy. We also meas-
ured bone aluminum concentrations in autopsy specwﬂens
from 23 infants, including 6 who had received at least’
three weeks of intravenous therapy.

Premature infants who received intravenous therapy
had high plasnfa and urinary aluminum concentrations, as
compared with normal controls: plasma' aluminum,
36.78+45.30 vs. 5.17+3.1 ug per liter (mean +=S.D.,
P<0.0001); urinary aluminum:creatinine ratio, 5.4*=4.6 vs
0.64=0.75 (P<0.01). The bone aluminum goncentration

A,THOUGH osteopenia in premature infants has
been well documented, the cause of this compli-
cation remains to be determined.'”* It appears to be
directly related to parenteral therapy, since bone-
accretion rates have been found to return to normal
after infants were given enteral fccdlnqs supplcmcnled
with .calcium, phosphorus, agd vigamin D In con-
trast, infants who could not tolerate enteral-feeding
had progressive ostcopenia and fractures which were
resistant to standard therapy.'* This suggests that
some substance cither deleted from or given with par-
enteral therapy may be responsible for premature os-
tcopenia. Since aluminum has been implicated in the
pathogenesis of vitamin D-resistant ostcomalacia in
human beings-and animals, we elected to study this
clement in premature infants.

Aluminum 1oxicityin human beings has been de-
scribed in patients receiving hemodialysis; severe de-
mentia developed, and the patients died as a fesult of
excessive exposure to aluminum in their dialysate and

(Y

From the Departments of Pediatrics and Medicine, U;vivcrsi(y of Colorado and

Veterans Administration Hospitals. Denver;he Division of Gastroentcrology and -

Nutrition, Children’s Huospital of Los Angeles, University of Southem California
School of Medicine. Los Aggeles: and the Depantment of Pediatrics, Tulane
University School of Medicine, New Orleans. Address refirint requests to Dr.
Scdman at the Pediatric Nephrology Unit. Box 54, Outpatient, C1078, Umvcrsuy

“of Michigan Medical Center, Ann Arbor, M 48109-0010.

Supported in part by a grant (RR-69) from the General Clinical Research
Centers. Programs of the Division of Research and Resources, National Institutes

" - of Health: a grant from the Edward G. Schiieder Education Fund, New Orleans;

and rescarch funds from the Veterans Administration Medical Center.

-

DOC KET

_ ARM

G, M.D., H,\Rlsn ANAND, M. D, anp AHFV C. AIFRFY M.D.

“was ‘10 times higher in infants who had recewed at least
three weeks of intravenous therapy than in those who had
received limited intravenous therapy: 20.16+13.4 vs.
1.98+1.44 mg per kilogram of dry weight (P<0.0001).
Creatinine clearances corrected for weight did not reach
expected adult values until 34 weeks of gestation. Many
commonily used intravenous solutions are found to’ be”
highly contaminated with aluminum.

Wae conclude that infants teceiving intravenous therapy
have aluminum loading, which is reflected in increased
urinary excretion and elevated concentrations in pIasms\,
and bone. Such infants may be at high risk for aluminum
intoxication secondary to increased parentqral exposure
and poor renal clearance. (N Engl J Med 1885; 312:
1337-43) -

» Y -
lack of normal renal excretidn.® Subsequently, it was

realized that these patients alsg had fracturing osteo-

malacia.” Another indigation of the skeletal toxicity ol
aluminum was the demohstration of fracturing ostco-
malacia in ammals by parcmcral administration of -
aluminum.®

After standards for gcceptable concentrations of
aluminum in dialysate had been established and di-
alysis units throughouf the world began monitoring
the amount of aluminym in their water, the incidence
of dementia and fracturing bone disease dropped
dramatically.'® In subsequent years, a more insidieus
form of bone discage has been described, which is
sccondary to excessive exposure to oral aluminum,''*?
The effccts are especially devastating in youngchxl-
dren with compromxscd renal function.'2!3 Other
studies have provtdcd futther evidence that parenteral
nutrition solutions ¢ontaminated with aluminum cause
loading and possibly even bone disease in adults with
normal renal function.'*!* No studies conccrnmg alu-
minum loading have thus far been carried out in pre-
mature infants who are known to have a high inci-

dence of osteopenia. .

We have found high concentrations of aluminum in
hone, uriné, and plasma from infants receiving intra-
venous therapy. It seems possible that aluminum
loading may-be a: factor in the bone disease seen in
very ill neonates who have reduced renakfunction and
have received long-term parcntcral therapy with alu-
mmum comammatcd fluids. It is not known whether
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relatively short-term high concentrations of aluminum
in plnsu;;l and bone in premature infants can repro-
duce the toxicity that chronice loading causes in older
children and adults with chronic renal failure.

MerHobns

. .

We measured aluminum concentrations in plasma, urine, or hone
in five groups of patients. Group | included 18 premature infants
(=37 weeks of gestation) who required admission to the intensive
care unit and intravenosus therapy. Plasma and urinary aluminum
comcentrations were meastured in these 18 infants on two different
occasions approximately three weeks apart; 9 were studied on the
first day of life and three weeks later, and 9 were studied at.a
random time (1) 10 42 days of age) and three weeks later. Urindry
and serum creatinine levels were measured in infants who were
more than one wiek old at the time of the study, Creatinine was not
measured in infants less than one week of age, because the concen-
trations were thought to be a reflection of the mother's creatinine

.

Table 1. Plasma and Urinary Aluminum Levels in 18 Premature infants Receuan

Parenteral Nutrition.*
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and not that of the infant. Jn 13 infants complete 24-hour samples
were collected at the three-week study; in the remainder of the
infants 24-hour collections were incomplete and thus could not be
used for calculation of ciearances.

Group I included eight term infants’who did noy require in-.

travenous therapy (normal controfs). In four of these infants pld
ma and urinary aluminum concentrations were measured at one ™
day ang three weeks of age, and in the other four, aluminum con-
centrations were measured at one visit. Aluminum was also meas-
ured in 35 umbilical-cord plasma samples, to establish a normal
base line; these values are reported with normal control measure-
ments.

To estimate the amount of aluminum being given to and retained
by infantsuwho were receiving only intravenous therapy, we stud-
ied & third group of five infants (Group 111) who had been receiv-
ing intravenous therapy for at least two weeks. Intake and éxcretion
of aluminum in the urine Pere measured for a period of two or
three days.

Clintical data on the three groups of infants are shown in Tables |,
2, and 3. Parents were required to sign a standard consent form

before the infants were cnrollcd in the pro-

spective study.
_Autopsy specimens were collected from
. 23 infants (age range, 0 to 7 months) and

divided into two groups.’Seventeen of the

Prasm Urinary E‘:::::vlo'w A‘:::N:L infants (Group 1V) did not receive pro-
h.:J:)N’ GrSTATION \\f"rl:i:t Atk FeepinG Au&mtm ALUMINUM  OF Awuxn;m Clnnmn:' !onged parcntcral (hcmpfy because they df°d
. ) - in the emergency or delivery room or with-
wh X davs ugier B2 A in one week of hospitalization. Representa.
- ’ tive diagnoses at the time of death included
! 28 1070 1 v, 49 29 the sudden .infant death syndrome, severe
22 BMF 3 3 50 4.3 prematurity, and congenital cardiac defect.
2 n 980 ) v 26 260 The other six infants (Group V) had re-
' 22 BMF 6 28 2.9 2.2 ceived at least three weeks (mean %£S.D.,
3 3 1060* 1 v v 9 1o 9.6x5.2) of parenteral nutrition before death
. } 18 BM/F 9 . &0 " 0.1 4.3 (considered long-term parenteral nutrition).
s % 760 ' v 9 5, All lh.csc infants were under 37 wcclss. of
2 F 26 10 53 60 gestation and rcqu_lrcd parenteral nutrition
’ . secondary to necrotizing enterocolitis, con-
s 32 1200 ! v 3 . 6 genital malformation of the gastrointestinal
3 F ) 8 1.8 0.3 tract, or severe feeding intolerance. One
6 30 1460 " <2 20 | member of this group was a premature in-
33 F 6 137 19.5 1.4 fant who had been discharged from the hos-
- 3 1610 1 v <2 15 X pital at four months of age but died in the
21 F <2 <2 <2.0 0.2 emergency room at six months, with a diag-
5. 3 1440 1 W <2 7 nosis of sudden infant dcalh_ syndrome. The
. .23 Fr < 20 39 18 other five infants were inpatients at the time
‘ of death.
9 B 1980 ;: M 2 3;) 1.7 Plasma and urine samples were collected
d . ’ by clinical research nurses or technicians
, 10 32 1520 42 F 4 2 trained in study collection techniques. To
L F 13 20 4.7 [ 22 avoid exogenous contamination of plasma
1 » 1220 17 F 46 32 samples until completion of the analysis, the
38 F 13 16 35 1.6 skin was carefully cleansed with deionized
12 2% 80 16 E 3 25 2.1 water, and samples were collected in unal-
37 F / 6 kY] 2.9 tered plasncuconlamcrs land frozcr;) in p:sgc
. containers. Urine samples were obtain

13 i 2720 ;.‘, ‘\f'\:/// ;Z ‘ ‘;g 4.0 ;g cleansing the skin as F:icscribcd above anzll
- ‘ ! ’ ’ applying a standard plastic urine-collection
14 2y 2320 22 v 2 b9 9.8 bag. Before 24-hour samples were collected,
. v 2 85 56 the bag was put in place, and urine was con-
15 27 750 30 v 32 30 34 tinuously grawn from the bag during the 24-

51 v 23 105 13.5 hour pcnod .
16 M 990 22 v 20 40 5.9 Spccumcns of bone were collected in the
46 F 4 75 31 autopsy room and immelffately frozen in
17 3 Hoo 16 v n 145 145 plastic containers, They were later cleanly
43 F 9 3 1.8 1.9 dissected, and the surface tissue that was
. {8 ' adherent or contaminated was discarded.
1 . 2608 ;(; ';./ ! 2 132 r - 2.4 : ‘?g Twelve of the bone specimens were from the
o ) ' P vertebral body, and eleven were from the
*Al way e don twod oUeasons sef ‘}:, an interval of three weeks. 1V denotes intravenous, BM iliac crest. All vertebral specimens were from

breast mitk, and F formola Tor conven al values (o ies per liter, divide by 27

-
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infants who died acutely without prolonged
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intavenous dherapy Concentrauons of alu-
manum in vertebral bone were not sienihie
cantly different from levels inliac-orest hone
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Table 3. Urinary Aluminum Levels in Five Infants Receiving intravenous Therapy for at

Least Two Weeks before the Study.~

(225140 vs. 19221041 me per kilogram INFANS
ol dry weight) l‘hl'rrl?;rr, the results of the No Aat
hone anabysis are reported without designa-

ton of the type ol bone, Since normal bone me
histofogy has not beent well documented in { 55
premature infants, histologic studies of bone 2 i5
were not performed in this study. 3 9.0

Plasma, bone, and urine were processed $ a5
and analyzed for aluminum content, as pre- s 50

viously deseribed, by flameless aomic-absorp-

Af UMINGM

Uninary Estimaten LUrivary
WEIGHT INYAKE AL UMINUM RETENTION AtUMINUMICREATININE

kg ugl2d hr i1

78 121 a5 74 4.4

33 53 21 60 R . 55 .
65 103 25 % . 26

6.7 108 14 87 15

60 108 - S 95 07

lmn spﬂlruplmlunwlr\ ' Urinary and se-
rum creatinine levels were determined by
standard methiuds.

Creatinine clearances were corrected for
hody weight at the time of the 24-hour urine collection. Mean values
of aluminum were calculated from the higher plasma and urinary
conventrations recordal for each child, if two values were obtained.
Aluminum:creatinine ratios were calculated as micrograms per liter
of aluminum divided by milligrams per deciliter of creatinine, to
deriyve a number that factored out differences in concentration. Pos-
sible sources of aluminum (Tables 4 and 5) were investigated by
ubtaining aliquots of medications and soldtions from pharmacies or
formula packages. Breast milk was callected from mothers instruct-
ed 1o cleanse the skin carefully and express milk directiviinto plastic
containers. 2

Statistical analyses were done by both parametric and nonpara-
metric methods (Student’s t-1est and the Mann-Whitnev U test).
Values are expressed as means =5.D. P values are derived from
Student’s t-test unless otherwise designated.

.

REsSuLTS

Table | shows the data on the premature infants
with a history of intravenous therapy (Group I), in-
cluding gestational age, birth weight, and age at the
time of the plasma and urinary aluminum determina-
tions, along with the type of intake at the time of meas-
urement. Table 2 shows the data on normal infants
without parenteral exposure (Group II). Plasma
aluminum levels and urinary aluminum:creatinine
ratios were significantly higher in Group I than in
Group II: plasma aluminum, 36.78+45.3 vs. 5.17+3.1

Table 2. Plasma and Urinary Alummum Levels in Eight Normal Tédrm Infants without

Exposure to Parenteral Therapy.*

*To conven aluminum values o micrumoles per liter. divide by 27.

g per diter (1.4£1.7 vs. 0.19%£0.11 pmol per liter)
(P<0.0001); aluminum:creatinine ratio, 5.4%4.6 vs.
0.64x0.75 (P<0.01). Plasma aluminum levels and
urinary aluminum:creatinine ratios in these two groups
are summarized in Figure 1. The previously published
normal plasma concentration in adults'’ is 63 pug
per liter (0.22£0.11 pmol per liter), which is not sig-
nificantly different from the level in our normal
infants. Aluminum concentrations in the 35 umbilical-
cord plasma samples were also not significantly differ-
ent from the levels in normal infants (4.523.7 ug per
liter [0.1720.14 pmol per liter]). Although toxic con-
centrations of aluminum in plasma have not been de-
finitively established, a value over 100 ug per liter is
consistently found in association with bone and neuro-
logic abhormalities.!*!%!8 Although the mean value
in our infants in Group I was 36 ug per liter, Infants
17 and 18 had values of 172 and 136 ug per liter (6.4
and 4.4 pmol per liter), rcspecuvclv, which were wel]
into this presumably toxic range.

In 13 Group I patients plasma aluminum concen-

" trations were measured while the infants were receiv-

ing intravenous therapy and then while they were
receiving formula. Plasma concentrations during in-
travenous therapy were significantly different from
the levels during formula feedings:
36.18x£54.57 vs. 8.08x8.2 ug per
liter (1.4%£2.0 vs. 0.3x0.31 pmol

INFANT AGE AT PLASMA UriNany
No. Sruoy FEemInG ALUMINUM ALUNINUM
. ugtliter
I 1 day H,0 6 15
23} days H,O/BM 10 70
2 1 day F 3 9
21 days F <2 5
3 t day F 10 12
21 days F 3l {5
4 { day F 3 28
22 days F 3 2
5 9 mo F 20
6 2 mo H.O/BM 22
7 7 mo F 7
8 Imo BM 12

ALUMINUM:CREATININE
'

per liter; P<0.01, Mann~Whitney
U test). There was no correlation
. between the fotal number of days
of 'intravenous therapy and subse-
quent urinary aluminum:creatinine

Uninary

2.4 ratios (r = 0.4T). Interestingly, uri-

nary aluminum concentrations and
06 aluminum:creatinine ratios contin-
08 ued to be very high in some infants

(Table I, Infants 1, 3,,6, and 18},
01 as compared with normal values,
o.13 even though the infants had not re-
02 ceived intravenous therapy for a

mean of 13 days and had normdl
g:g plasma aluminum concentrations.

In very premature infants, weight-
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Table 4. Levels of Aluminum in Commonly Administered Intravenous Solutions.*

I'HE NEW ENGLAND JOURNAL OF MEDICINE

May 23, 1983

Tables 4 and 5 list the concen-

trations of aluminum in commonly*

No op A EMINUM
T Lot Trsorn Conting used intravenous and oral solutions.
tmprhter) Calcium and phosphate salts, hepa-
- M M
Potassium phosphate (1000 mmobfier) 3 16,5982 1,801 rin, and normal serum albumin have
phosp X
Sexhum phosphate (3000 mmolser) g 5977 very high concentrations of alumi-
Calcium gluconate (10% ) 5 50562335 num, although thery is wide vari-
Heparin {1000 units/mi) 3 R4 =761 - ation among lots. Soy and prema-
Heparin (5000 uni's{m“‘ : 12: ture-infant formulas with the highest
Heparin (10,000 unit/mi) N - additives of calcium and phosphate
Normal serum albumin (25%) 4 1.822%2,503 . -
Intalpid | 195 salts also have the highest aluminum
TPN solution (2ek essental 6 73259 ~ concentrations. Human breast milk
. amino acid) ) has the least aluminum.
5% Dextrose . 3 7221 Among the infants in Groups 1
Sodium chloride (4000 mmoVliter) 3 6x4 and 11, there was no correlation be-
Potassium chloride (3000 mmol/liter) [ o tween plasma and urinary aluminum
*TPN denotes total parenteral nutntion To convent al values to mithmoles per liter, divide by 27 Plus-minus and the type of formula lhcy werc

values are means =S D

as low as 20 per cent of those in mature infants
(Fig."2). Weight-corrected creatinine clearances werc
directly correlated with gestational age, and by 34
wecks had reached normal adult levels (1.7 ml per
minute per kilogram of body weight, Fig. 3). The
highest plasma aluminum level in these infants did
not correlate with creatinine clearance, suggesting
that the intake of aluminum is the more important
variable. )

Group 111 infants had been recciving intravenous
therapy for 4t least two wecks when aluminum intake
and excretion studies were performed: four infants
were studied for threc days, and one was studied for
two days (Table 3). All five infants had negligible stool
output. Although stool aluminum was not measured,

previous studies have shown that feqal aluminum

losses are small in patients receiving parenteral nutri-
tion.'® Aluminum intake was calculated from concen-
trations in matched solutions. The five infants had
a mean intake of 98.611.56 ug (3.6+0.43 umol) per
24 hours, with a mean excretion of 20.0x5.1 ug
(0.74%0.19 pumol) per day, or 78 per cent retention.
Normal adult urinary excretion of aluminum is 136
pg (0.48+0.22 umol) per day.'’ The aluminum:creat-
inine ratio was 3.3%0.08, which is significantly differ-
ent from the value in normal infants: 0.64%0.75
(P<0.01).

Bone aluminum content in Group V (infants who
had received intravenous therapy for over three weeks)
was significantly higher than in Group 1V (thosc
who had received little or no intravenous therapy):
20.16=13.4 vs. 1.98%1.44 (0.7520.49 vs. 0.07=0.05
mmol) per kilogram of dry weight (P<0.0001, Fjg. 3).
All except onc infant treated with long-term parenter-
a} nutrition died during intravenous therapy. The in-
fant who was discharged and died two months later
from the sudden infant death syndrome had a bone
aluminum concentration of 7 mg (0.26 mmol) per kilo-

gram of dry weight —— three times the normal level
in infant bonc. The normal bone concentration in
velecd 1 22 ) O e D 1IN 1) el o Liloo
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receiving at the time of the study.

None of -our infants were receiving
soy formula, which has the highest concentration of
aluminum. It should be noted that normal adult con-
centrations of urinary aluminum'® would give an-
aluminum:creatinine ratio of 0.1; thus, the ratio of 6.6
in our normal infaits may reflect the fact that infants
absorb aluminum differently from adults.

DiscussioN

Eight per cent of the earth’s crust is composed of
aluminum. Human beings are exposed to this element
constantly through ingestion of water, food, and dust
particles. In fact, it is estimated that an average adult

.ingests 3 to 5 mg of aluminum per day?*?! and ex-
cretes |4 pug per day in urine — presumably the

. amount ahsorbed — leaving only a siall level of

-aluminum in the body.!” Since the gastrointestinal
tract, skin, and lung provide excellent barriers to alu-
minum absorption and the kidney is efficient in
climinating any absorbed aluminum, the body burden
of aluminum in normal persons is exceedingly low.

Nonctheless, excessive aluminum accumulation can

Table 5. Levels of Aluminum in Commonly Used Oral Solutions.*

No o+ ALUMINUM
Soturnion Lors TESVED Content
y {ap/liter) !
Glucose water I 20
Tap water (Colorado) ! 12
Well water (Colorado) i 5
Breast milk 12 9.926.87 ’
Cow's milk-based formula 4 2662192
(20 kcal/30 ml)
Cow's milk-based formula, 4 699321
“premature”
(24 kcal/30 mb)
Soy formula ’ - 4 14782103
{20 keal/30 ml)
Multivitamins (Jiquid) 1 32
Nystatin I 72
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PLASMA ALUMINUM

i

A B

Figure 1. Plasma Aluminum Levels (A).and Urinary Aluminum:Creatinine Ratios (B) in
Normal Infants (Group Il) and Premature Infants Receiving Intravenous Therapy

{Group ).

Bars denote S.D. The normal values in adults are 63 ug per liter and 0.1, respective-
ly. Al denotes aluminum, and Cr creatinine. To convert aluminum values to micromoles

per liter, divide by 27.

occur and has been reported with both parenteral and
oral exposure. Parenteral exposure has resulted in
accumulation in patients recciving dialysis with alu-
minum-contaminated dialysate®2? and in those re-
ceiving long-term parenteral nutrition with alumi-
num-contaminated fluids.'"'® Paticnts with chronic
renal failure receiving large oral loads of aluminum
in the form of phosphate-binding gels have also been

URINARY ALUMINUM:
URINARY CREATININE RATIO

s,

found u) have an increased body burden of alu-.

t 2 .
minum. '3 131622

Qur study concerns another type of patient at risk
for aluminum toxicity — the premature infant who is
receiving intravenous therapy. Two conditions may
predispose such children to aluminum loading: paren-
teral aluminum exposure and reduced renal function.
A number'of components of parenterad fluids given to
premature infants, such as the calcium and phosphate
salts used as additives and human albumin, have high
concentrations of alummum.

Evidence of aluminum loading in premature infants
is based on our finding that aluminum in plasma or
urine or both was almost uniformly increased in in-
fants receiving parenteral therapy. Moreover, balance
studies showed that the infants excreted only about 23
per cent of the intravenously administered aluminum.
Additional evidence for aluminum loadmg comes from
the finding that urinary aluminum concentrations re-
mained well above the range found in control infants
for scveral weeks after the termination of parenteral
feeding. This finding suggests a slow unloading of tis-
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was 10 times higher than normal in
a small group of infants who dicd
after receiving parenteral therapy for
three weeks or more.

The amount of toxicity that results
from parenterally administered alu-
minumg remains to be determined.
The classic manifestations of system-
ic aluminum intoxication include
fracturing osteomalacia, encephalop-
athy, and wicrocytic hypochromic
ancmm ©.7.23 For a variety of reasons,
it is difficult to rclate any of the ab-
normalities found in ill premature
infants to aluminum intoxication.
Although bone disease is common,
the histologic data required for the
diagnosis of ostcomalacia are non-
cxistent for premature infants. In
addition, metabolic encephalopathy
is a common complication of many
of the other events that occur along
with prematurity, including hypoxia,
acidosis, and €lectrolyte imbalances.
Finally, premature infants frequent-
ly require multiple transfusions to
replace iatrogenic blood loss, pre-
cluding definitive hematologic evaluation. The facts
that plasma aluminum levels in two infants exceeded:

) ““

’
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WEEKS GESTATION OF PREMATURE
INFANTS AT BIRTH »

Fiaure 2. Correfation between Craatinine Clearance Corrected for
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