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IRON METABOLISM IN HUMAN PREGNANCY A8 STUDIED
WITH THE RADIOACTIVE ISOTOPE, FE**

P v, Pochu, B0 Caroreniers, WL Daksy, MDD Pl
M. Maweriy, Py Nasuvinne, Texsg C0 W Sieetarn, Pooly
Ok Ripae, TeNN., RO, Cansox, MDA S Beas, MoS
Nasuvive, Tesxs, PoM Dessex, Pigh,, Prressacgan, Py,
Jo00 Perersox, MDD, axp G S0 MeCrenas, Mh
Nasovinng, TeENs.

Evom the Departients of Liochenostea, Preventier Meodiciae, Ohslatores and (igar e odenn,
aned Pedintrics, and the Divesion of Natreition, Ve st Cniversely Modocal Xohoot

N U2 (he resnits of s briel series of taowed iron absoeption studies i prea.

naney were jeported 1 was Tound that o pregnant woman absorbed two
to ten times the ammonnt usually taken np by nonpreanant individuals, The
value of the study w

s somewhat Hmited by the brevity of the sevies. The
seareity of the radioactive isotape of iron at that time prechiuded the possibility
ol maintaining standard dosace levels of feeding and thevetore made interpre.
tation ol the resubts somewhat diffienlt. Tnothe same vear stadies of the ron
isotope distribution in Tetal tissues and some observations as to the rate of
teanster of iron from the maternal to the fetal oreanism were reparted. '™

In 147 we veported prelimimy observations inoa study lesigoed 1o
determine the efteets of some factors an the absorption of iron by the pregnant
woman.”  The farther analvsis of these data s now possible and constitutes
the basis ol (his report.

In all, 819 pregnant wonien were given tigeed iroi, The data presented
here are rvestricted to 466 women who returned for completion ol the study
and the proeessed Dlood samples from whom et radiochemical criteria or
purity, inelinding repraducibiiity of duplieate counts of radioactivity on two
or more separate dntes.  Fvidenee that the 466 cases were representiative of
the total group of patients attending the Vanderbilt Prenatal Clinge is afforded
by the fact that there was good agreement hetween the study group and total
clinde patients with vespeet 1o distribution ol attributes sueh as swrel parity,
number of weeks of gestation at the first elinie visit, outeome ol preguaney,
Jaboratory values. and vecorded dietary intakes.

*Thix gtudy was supported] in part by grantx from the Nuatritfon Foundation, Ine, the
International Health Division of The fockefeller Foundution, aml the Tennessee State De.
partment of Heaith,
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Methods

The radioactive ron ased was obtained by dop bombarcdoent o
the evelotron, and thevelore, was essentialtly the Fe™ isotope. 15 purification
has heen deseribed elsewhere.t From 200000 te 1000000 conntable connts ner
minute wers athinistered. In terms of presentaday roneepts of sane vsdiatom
limits the amounts of activity used are well within Bmits of toleranee ® An
additional assurvanse comes Crom the Get that the nigher levels of 1002200 ¢ poan,
per mitlititer of red cells obtained were only ahont one-tenth that ased he others
for studies of blond preservation and which have been tolevited with no demon-
strable il effeets.s Nevertheless, it is not to be suggested that any vadioaeine
tracer studies on human sithjcets are to he embarked upon lightiy withont dnoe
consideration and eare for sate practices.

An unseleeted group of white women admitted to the Obstetries Out-Patien
Clinie of Vanderbilt University Hospital were fod single doses ol ivon taceed
with the radioactive isotope (Fe*®) on theiv second prenatal elinie visin pror
to any administration of therapeutie iron.  The week of westation Jduvine
which this visit was made varied rrom patient to patient,  Most of e subjeets
had uncomplicated eourses, were nongnemie, and wounld be considered healthy
pregnant women. The iron was stored as ferrie chloride until imniediatens
hefore administration, at whieh time an excess of ascorbic aetd (abowr 4 me
per mg. ol iron fad) was added in order to reduce the ivon to ferrons farm.
The reduced solution was given by mouth midway hetween meals.  Dosize oveis
supplying 18, 2.0, 3.1, 3.2, 416, 4.7, 7.0, 9.0, 18.0, 390, and 1200 mue, o1 clewmental
fron were used,  Laboratory studies, ineludivg red ceell count, hemogaten
hematoerit, serum proteins, vitamin A, carotene, ascorbic acid, and others were
done on the day the iron was viven.  Complete histories and dietars reennis
were also obtained.

On the third visit, usnally two weeks following administration of the vicwed
iron. duplicate blood samples were drawn for measurement.  The Dload s
centrifuzed in 15 ml ereduated cones for 35 minudes at 3,000 r.pam o a we

iran i

S PThe question nrikes a8 to the amount of |ml|ul|nll delivered to the autern b g
frlfowing sdmintstration of these tracer doses of connting s
approximately 200 counts per minute per nnlltlnm of our thin o E
counter for the betn particles fram Fe® g about 25 per cent. Thux the Blood cont oo
4 % 10-% microvaries per nutiliter, 10 the masx of absorbing tissue is lurge in hneao
compared with the maximum range of the heta particies the fotal dose in conlvalony
delivered by the complels eny of the tsatope swiil e G0 where © ix Lhe isotaore
tion in microcuries per @ Thus, if all of the activity were coneentrnted m
the blood would receive 0.2 equiviient roentgens, Actuntly the radadtbon et ot
adjacent tisal Is of importanee, A lower it for thix ix obtained if the ot v o
sumed to he unl(uvmly dtatrihuted throughout the body,  Under thoese conditions o« ool
weight the tissues would reeefve 0,62 oquivalont o« cerg oo
The actual Hgure «lmul.l he somewhat lnrger than this but not more than ten tine - 4 o 0

1t mny be prgued that the total activity ingested will not necessnrly appear o o

culating blood nnd that a portion will be Jocated In _higher concentration in tissticos s oo
liver or bone marrow, [f the blomd volume were 5 liters and oniy half of the oo o .
in eircutation, then, the total iron abaorbed would he 4 microcuriea. If at any one v 4

this wers temporarily resident tn the lver an upper Hmit for the dose wounld he e -
lverad by the complete decay af the isotope.  In o tvpieal liver of 1.3 ke werknt 1w o
he 1.3 cquivilent rocntgeps.  If inxtend, the activity were concentrated in the oo w .
suming 1 totinl marrow welizht Af two-thinle thut of the liver, the currexpondineg foure oo
be 2.0 equivalent roentgena. This is nbviously an improbable nccurrence.

As shown by ¢ijbron? the radlatlon due to Fe¥, even under conditions used i
hgher amounta of that kotope were emploved, was consiernbly lesx in offect than |
to Fe®,  Sinece the «Lp reaction va metallic tron in the eyclotron is notoriousy mcila. ot @
the production of Fe minlmal quantities of this tsutope were present in most of the ron e
The dosage |8 thus negligible In comparison with that from the Fe®  Sinece the ganuma roar »
from Fe® ts diffusely and ineiliciently abmorbed, the dose will be conxidernbly lews voan oo
for the beth particles computed for the caxe of uniform distribution in the hody, 10 e ¢ 1
0.02 equivalent roentgens,

The dowke rate will wlways bhe lesa than the initial ra 1t % endeulntod by nansme
integrated Jdose by the mean life, Takineg the tnegest Heure for integrited dose oo
roentiens, the muximum dose rate woubil e 03 cquivident roentgens e oy - .
I a Hbernl extimte of the uapper Hmit we conctude that the doxe rate would neove o0 oo
the presently accepted tolernnee staxe eate of 0.3 equivadent coentizens per woeek
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2 cight place head Tutevnational centrituge and the hematoerit was read. Plisma
was disearded or used for ather studies.  The red eclls were washed fnto 250wl
heakers and dried. Dry ashing was carvied ont inoa wofle Turaee ar 6200 ¢
Walls of the beakers were washed down with dilite hydrvoehlorie aeid and
samples again evaporated to dryness to eliminate exeess acil. The mixed salts
were dissolved in 5 or 6 drops of hydroehlorie acid and transterved to eleetrn-
plating cells with distifled water and the iron eleetroplated as deseribed else-
where.* The resultunt clectroplated samples were then mensured for radio-
aetivity by means of a thin miea window (2 mg. per square contimeter), cud
window tvpe CGeiger-Muller 1ube in conjunetion with a counting rale meter, I
the duplicate electroplated hlood samples did ot eheek within 5 per cent of
each other the result was not included in the series.

Samples were counted twice at infervals of one week in urder to eheck
possible contamination from other isotopes being used in the laboratory. Blank
samples of blood were run frequently, by the nsual proeedure. to cheek fov iron
isotope contamination. An aliquot of ench iron sample fed was counted for
an adequate periol af time to note the rate of decay of the iren materinl. The
relevant aliquot of sample fed was always connted on the same day as the Blood
iron sample.

The radioactivity per milliliter of red blood cells was ecaleulated.  The total
cirenlnting red cell mass was estimated as veported earlier,” and the total
cirenluting radioactive iron was ealeutated. It has been shown that. under
normal conditions, all of the red cells ave in active eirenlation. there helng no
considerable depot of sequestrated red eelis® 1t was neeessary to nitke the
assumption that all of the iron absorhed was utitized for rved cell hemoglohin
formation. We fully recognize the implieations of this assumption in individuals
not suffering from iron defieieney, hut feel that for healthy individuals calenla-
tions based upen it nre of value. The *'pereentage uptake' was estimated by
dividing the total civeulating radionetivity by the radioaetivity in the sample
fed the subjeet.  The importance of the factor af utilization of absorbed iron
ix recognized.’? Tlenee, “uptake'™ as here nsed must he construed to inelude
hoth the factor of absorption and utilization.  We have un evidenee swhich
indieates that utilization is impaired in normal pregnaney.

Experimental Observations

It was found vers early in the study that, as expected, iron uptake was
related to dosage level and to period of gestation. THenee a breakdown into
subgronups according to hoth of these factors was neeessary to evaluate the
vesults. In Table [ and Figs. 1 and 2 are summarized the most important finil-
ings of the study. Since some of the distributions of per cent uptake were
quite skewed, the median per cent uptake. rather than the mean. was computed
for cach group. There was considerahle individual variation in per cent uptake
among the women within each group. Such variation has been pointed out
hefore® While variation of individual values ahout the medians should nat he
lost sight of. a study of the median pereentage uptake shows the differences in
the average hehavior of the subjects for different dosages and different periods
of gestation.

Tt is apparent that at a given dosage level the uptake of iron inereases as
gestation progresses from the tenth or fiftecenth week up 1o the thirtieth or
thirty-fifth week. Only a few cases were observed hefore the tenth or after the
thirty-fifth week of gestation.

The percentage uptake of iron was greatest al dosage levels of 9 ma, or less
and did not vary appreciably within the Himits of 1.8 to 9.0 me, The pereentige
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uptake at the 18 mg. dose. however. was lower. Subsequent inereases in dosage
to 39 and 120 mg. were likewise aceompanied by deercases in the per cent of
the dose absorbed.

Fig. 2 shows the actual quantity of iron taken up (in milligrams) aceord-
ing to dosage and weeks of gestation. In this chart, dosages less than 9 mg.
are further subdivided hecause the amount taken up varied as the dosage in-
creased from 1.8 to 9.0 mg. 1t is again apparent that there is an increase in the
quantity of iron ahsorbed as pregnancy progresses. It is further evident that.
even during the period of maximum ahsorption, a six to sevenfold incerease in the
quantity of iron fed (from 18 to 120 mg.) results on the average in approxi-

. mately a twofold increase in the amount of iron taken up. During the early part
y of pregnancy, this inerease in quantity of iron ahsorbed is even iess as the dose
is raised above 9 myg. (Fig. 3).

MEDIAN PERCENT RADICACTIVE IRON TAKEN
UP B8Y PREGNANT WOMEN ACCORDING 0
DOSAGE AND PERIOD OF GESTATION.

)
40% /
¢ /|
< pammrt
- 1
S 30%
[ x QU N 11 R
z vV 4~
w
8 A1~
w 20% ™.
/ 3% MaM
]
7%
ox]
A et 120 MM
"’,/?f
o’
s 10 15 20 25 0 s 40
WEEKS GESTATION
» vosasE
i Fig. 1.

It has been demonstrated'® that some of the iron ingested by the pregnant
woman crosses the placenta and is transmitted to the fetus. Tt is of interest.
however, to explore the extent to which this process occurs and the influence
upon it of such variables as dosage level and period of gestation. Accordingly,
in 68 cases blood was taken at the time of delivery from the fetal umbilical cord
and from the mother as neariy simnltaneously as possible, and the amount of
radioactive iron per milliliter of red hlood cells was determined for each sample.
On the basis of the estimated red cell mass of the infant, not including the
placenta, the total per cent of the dose ziven the mother which was present in
the infant’s circulation was caleulated. The median per cent of the administered
dose present in the infant’s red cells is shown in Table II, according to dose and
weeks of gestation when the dose was given, Parenthetically it may be noted
that zood agreement between the initial estimate of iron absorption by the mother
and that obtained by the use of samples taken at parturition supports the inter-

7
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pretation of our findings in terms of absorption. Had any appreciable absorbed
iron heen stored and then used later in pregnancy for maternal hemopoicsis,
the estimate of uptake made at the time of delivery should have heen areater
than that based upou the carlier sample. Thix did not oceur.

Tanik (L. MEDIAN PER CENT OF ADMINISTERED IRON PRESENT IN THE INFANT'S R URLLS
AT BIRTIE ACCORDING TO DOSAGE AND I'ER10D OF GESTATION WIEN IRON Was GIVEN

MEDIAN I'ER CENT
WEEKS OF GESTATION 0F DOSE NUMBER OF CASES
Doses L8000 mg, Under 20 1.8 Kl
.20 EEY B
S0 und over § a0
Total | 2.5
Doses 18, 58, 120 mg.t Tatal { 0n

AL dosages of 2.0 mig. and under, the differences in per cent uptinke of fetus at «different
periods of geatation arc suggestive hut not significant.

. T:}(: difference in per cent uptake of fetus between low and high doses is signifiennt
o= 0,

It appears that at the smaller dosage levels some 2 or 3 per cent of the
administered iron on the average was found in the red cells of the infant at
hirth, At the higher dosage levels (18 to 120 me.) the median pereentage of the
dose Tound in the infant’s civculation was significantly lower, 0.9 pev cent. The
relationship between the percentase of radioactive iron found in the ved cells
of the newhorn and the period of gestation when the iron was given cannot be
determined with finality from our data beeause of the small number of cases.
The group with dosages hetween 1.8 and 9.0 mg, was subdivided according to
weeks of gestation at the time the iron was administered. There appears to he
a slight inerease in median pereentage uptake of iron hy the fetus from the
earlier to the later weeks of gestation. but the difference is not statistically signifi-
eant. A large series of similar observations is needed in ovder to establish the
hasie pattern of fetal iron uptake and utilization for hemopoiesis during different
periods of pregnaney. Tlowever, in view of the proportional size of the fetus
it would appear from these observations that the quantity of iron taken up by
the fetns is relatively greater in cavly fetal life than at a later period. This
interpretation is consistent with the earlier work ol Pommerenke and associates'™
in which a study was made of the transmission of ingested iron to the fetus of

TanLy 1IT, RATIO oF FETAL TO MATERNAL RADIOACTIVE [#ON PER MILLILITER oF BED Binob
CEILS ACCORDING To DOSAGE AND I'ERIOD OF GESTATION WHEN [RON WAS GIVEN
(MEDIAN VALUES)

WEEKS OF GESTATION MEMAN  RATIO NEMBER OF CASES
Doses Uniler 20 1.00 12
LS80 myg, 50-20 1.08 2
30 and over 1.32 17
Tatal 1.12 31
1tases
18, 39, 120 mg. Totnl 0.86 10

different ages obtained during therapeutic abortions. In these studies the tetal
red blood cells took on proportionately much more radioaetive iron carly n
pregnancy than did the maternal red blood cells.

Table 11T presents the ration of fetal to maternal radicactive iron per
millititer of red blood ecells by dose and time of zestation wheun the iron was

8
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le absorhed . . . Lo ) .
lemonniesis. administerad.  The median vatio was close to unity in all wronps: moreover, in

pen oreater individual cases, 90 per cent of the ratios 1Ay between D50 and 200, Thepe
seems to he a surprisingly similar distribution of radioactive iron hetween the
fetal and maternal red blood eells. The median ratio wis somewhat hicher in
s RED CRLLS

5 GIVEN MEDIAN AMOUNT OF RADIOACTIVE
—_—— IRON TAKEN UP BY PREGNANT WOMEN ACCORDING
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RELATIONSHIP BETWEEN MEDIAN AMOUNT
UPTAKE OF IRON AND DOSE LEVEL DURING
THREE PERIODS OF PREGNANCY
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Fig, 1.

s the fetal

v ; the latter part of pregnaney, but the differences are not statisticalls svenine e
1 carly in

so that agnin no definite conelusion ean be reached.

The ratio of the estimated total pereentage uptake of ivon by the oo s
hload 10 the total pereentage nptake by the mother's was also compited Moo
ratios of 407 1o 0.10 were obtalned. regatdless ol the time ol gestation o e

iron per
iron was
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dosage level administered,  Tn other words the blood of the infant ar birth
seemed 1o contain some 7 to 10 per cent as much radioactive iron as the mother
absorhod and ineorporated in her red ecfls.

A study was made of the effeet of parity on iron uptake sinee it seemed
reasonable to expeet that frequently repeated pregnancies might resnit in the
Adepletion ol the iron reserves ol the mother and this. in turn, might he refleeted
in augmented absorption. The data in Table 1V show the median pereentage
uptake hy parity and time when iron was given for patients receiving doses of
9 me. or less. In this group, the mothers who reeeived iron hefore twenty weeks
of westation did, in fact, exhibit an influence of parity upon uptake of iron.
Before the twentieth week of gestation, the median per vent uptake was sigoifi-
cantly higher in the higher parity groups. In the second half of premmuncy,
however, parity did not intluence the uptake. Results for patients reeeiving
hizher doses of iron (18 to 120 mg.) were consistent with those at the lower
doses, but the number of cases is too small to permit the drawing of definite
conelugions in the higher dosage zroup. These differences in iron uptake with
parity are not the result of changes in body weight in association with parity.
Tt is conecivable that they refleet lower iron stores in the multiparous women, and
that the normally increased uptake late in pregnaney masks this finding during
the latter half of gestation. There was no evidence in our series of a variation
in the per cent nptake of iron by the fetus with parity of the mother. hut aeain
the number of eases is small,

TasLe LV, MEDIAN DPEr CEXT UPTAKE OF RADIOACTIVE [RON AMONG DPREGNANT WOMEN
Accornise 10 DPAkITY AND PERIOD oF GESTATION
(DOSAGES 0y 0 MG. AND UNDER)

PARITY
a0 1.2 3 and over
WEEKS MEMAN NUMBER NUMBER I NUMBER
or ERL CENT o 0OF li
GERTATION UITAKE CASES CANEN
Under 20 s | 4w 1 ! ‘
20 und aver N | 1N 36 | ' ;

We have explored the possibility of a relationship hetween uptake ol radio-
active iron by the mother and numerous Jaboralory measurements which were
made in an effort to appraise nutritional Jevel. These have inelwded hemoglobin,
packed cell volume, ervthroeyte count, lotal serum protein, serum allmmin,
vitamin A, earotene, and ascorbie acid levels in the serum, and urinavy exeretion
of thiamine. ribeflavin. and N-methyinicotinamide following oral test doses «l
each. No relationship has heen found for any of these laboratory meusurements
exeept an unexplained assoeiation with serum aseorbie acld levels in one group,
In the group of mothers at twenty weeks' westation or less, it was found that,
those with a low per cent uptake of iron had high aseorbic acid levels. We feel
that this association is fortuitous. This belief is supported hy the faet that
there was no similar association with estimated ascorbie acid intake.

Failure to demonstrate an association between hemoglobin level and per-
centage of iron absorhied is attributable to the fact that most of these patients
were healthy. nonanemie individnals. T one were dealing with a group of
pregnant women. a considerable portion of whom exhibited hvpochromic anemia,
one would expeet to find a relationship hetween hemoglobin level und irvon
uptake.

10
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lifforts were made to eorrefate per cent ol iron taken up with nutrient
intake.  Although the possible relationships were explored for a variety of
n‘ntri(‘_nts, including total ealories, protein, ivon, ealeivim, phosphorus, vitamin A.
vitamin ¢, thiamine, niacin, and riboflavin, no association was estahlished.

Discussion

These data on the uptake of iron during pregnaticy by a group of women.
most of whom were normal, have some interesting implications coneerning the
adintnisteation of suppiementary iron to the healthy pregnant woman, Ifor this
purpose, data on the actual amount of iron absorbed at each dose, rather than
the pereentage absorption, are pertinent. Thus the absorption of 35 per cent
of a 2 mg. dose would result in less than one mg. of iron entering the eirculation.
whereas an uptake of 28 per cent of an 18 myg. dose would allow approximately
5 mg, to enter the blood stream.  With an uptake ol 8 per cent of 120 my.,
approximately 10 my. of iron would be taken into the eiveulation. This estimate
coineides with the median per cent uptake of a 120 mg. dose administered during
the latter portion of gestation. This is an espeeially interesting tizure inasmuch
as it corresponds to the maximum therapeutic dose of iron that is likely to he
ingested at one time: namely, 0 dose of 0.325 Ghin, of dessieated ferrous sulfate.
This is somewhat lavger than the dose of iron which would he ingested from
the taking ol approximately 5 wrains (0.326 tm.) ol crystaliine (hydreated)
ferrous sulfate or 3 grains (0.195 Gni) of dessieated ferrous sulfate, the
nquantity contained in some of the widely employed tablets. Sueh tablets contain

* approximately 65 mg. of elemental iron.

From Fig. 3, which depicts the median amount uptake of ivon in milligrams
plotted against the dosage ndministered during an early, middle, and later
period in pregnancy, it is seen that only slight advantage is to be gained in
terms of milligrams of iron absarbed and ntilized hy a threefold inerease in dose
(From 39 to 120 me)) of iron during the period after twenty-five weeks of
westation,  During carly pregnaney relatively Jittle iron was absorbed and
ntitized by the average patient at any of the dosnge levels used.  Unfortunately,
the number of patients reeeiving the higher doses early in pregnaney was rather
smadl (Table 1Y, A corallary to these considerations is that so-called “* preven.
tive " or “protective’ tron therapy. even when intensive, may be a relatively
inoflicient procednre carly in gestation.  Tn the fatter part of gestation, such
protective therapy may be more efficient, but it would seem that single doses of
120 g, of tran offer little advantage in terms of actual iron ineorporated into
the maternal red blood cells over considerably smaller doses,

Sinee only a single dose of iron was administered iu these studies, it is
probable that the figures arrived at are maximal, inasmuch as it has heen shown
that iron feeding leals to resistanee or mucosal block to the absorption of
iron™ " and it may he that oft-repeated doses would he less efficiently ahsorbed
than singly administered ones.  If this concept holds for the pregnant woman.
it would cast further doubt npon the usefulness of the administration of lavee
doses of ivon to the normal pregnant woman.

Tt is not clear what interpretation should be given to the velatively small
amount (or possibly lack) of variation in uptake of the fetus with different
periods of gestation, as mensared hy the amount of radioaetive ivon in the blood
of the infant at hirth. Whether studied in terms of pereentage of total doxe
administered. pereentage of the nuptake of the mother, or ratio of amonunt of
radionetive iron per milliliter of red bloud cells of the infant to that of the
mother, little variation was observed in the results for dosages administered
at different periods of gestation.
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Summary

1. Iron tagged with the radioactive isotope Fe™ was fed in sinele doses,
ranging from 1.8 to 120 ma., to 466 women at varions stawes of pregnaney, and
the uptake of iron determined.

2. As the dosage was inereased from 9 to 18 my, and hevond, the pereentage
of the total dose of iron found in the muaternal red cclls deercased, while the
amount of iron taken up incrensed from the lowest to the highest dose.

3. A\s westation progressed, the uptake of iron inereased to the extent that
at thirty weeks’ gestation and over, three or more times as mueh iron was
ahsorbed as during the period before the fifteenth week of gestation.

4. The therapeutic implications of these findings are discussed.  The inetfici-
eney of absorption of large doses of iron for normal pregnant women is noted.

5. The variation in uptake of the fetus with varying dosage does not appear
to he greatly different from that of the mather. Relatively little variation in
the amounnt of radioactive iron in the red cells of the infant at birth was observed
for iron administered at different periods of estation.  The red blund eell mass
of the newborn infant contained on the average ahout 10 per cent as mueh ol the
administered iron as that of the mother. The ratio of fetal to maternal radio-
active iron per milliliter of red hlood cells was not areatly different rrom one.

6. The relation between parity and iron uptake is discussed.
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