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ABSTRACT

A simple method for performing a 5%Fe ferrckinetics study has been developed,
combining several procedures already in use. Methods are presented for measuring
plasma iron clearance, red cell iron uptake, and the movement of iron through the
hematopoietic centers. Formulas are given for calculating plasma and red cell iron
turnover, hemoglobin synthesis, mean erythron life-span, and mean effective erythron
hemoglobinization time.
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A STANDARD METHOD FOR =°Fe FERROKINETI(S

I. INTRODUCTION

In previous reports, methods have been
described not only for the determination of
plasma iron clearance and red cell iron uptake,
but also for the exterior measurement of iron
taken up by the bone marrow, heart, liver, and
spleen (1, 2). Pollycove and Mortimer (3)
have given several formulas for calenlating
plasma and red cell iron turnover, hemoglobin
synthesis, and the mean erythron life-span.
In the present report these formulas and
our methods are combined, and a compre-
hensive method for measuring ferrokinetics is
described.

II. MATERIALS AND EQUIPMENT
Iron-59

Radioactive iron is supplied as ferric
chloride-**Fe, The solution is prepared in dis-
tilled water, with NaOH or HC! added to adjust
the pH to 7.4. The solution has a specific
activity of 10 ge¢./mg. and contains 3¢ pe./ml.
The %%Fe has a physical half-life of 44.5 days
and emits gamma rays, with energies of 0.19,
1.10, and 1.29 Mev. Of the 12 uc. of 5*Fe that
are used, approximately 6 uc. are injected into
the patient and approximately 6 pc. are used
as a standard.

Gamma spectrometer

The instrument used to measure the #Fe
activity is a gamma spectrometer. The ele-
ment which measures radiocactivity is a Nal
scintillation crystal, with dimensions of 3 in. x
3 in., and with a central well that is 21/5, in. x
214 in. Radioactivity impinging on the crystal
molecules causes them to emit photons of light

which activate a photomultiplier cell that, in
turn, multiplies incident photon energies to the
eleventh dynode (i.e., the incident energy is
raised to the eleventh power). The spectrom-
eter has been calibrated for full-scale energy
of 1 Mev, at a gain setting of 40%. In addi-
tion, the spectrometer has been calibrated for
settings of ; 0.5 Mev, gain equals 80% ; 2 Mev,
gain equals 20% ; and 4 Mev, gain equals 10%.
The dial settings are: coarse gain, 0 to 2; and
fine gain, 2.3. The discriminator settings are
set to delimit a 1% counting window. This
counting window will count both the 1.10 and
the 1.29 Mev photopeaks which make up 98.1%
of the gamma energy emitted by 5°Fe,

III. PROCEDURES

A 15-ml. sample of blood is withdrawn from
the patient (in heparin). The sample is
centrifuged and the plasma separated. Then
12 ye. of 5*Fe-ferric chloride are added to 6 ml.
of this plasma which is incnbated for 45 min-
utes at room temperature, and mixed occa-
sionally. A 3-ml. sample of this mixture is
used to prepare the ?Fe standard, by diluting
the 3-ml. sample to 1 liter with distilled water.
A gecond 3-ml, sample is used as the injection
dose.

The first step is to inject the labeled plas-
ma, Exactly 10 minutes later, an 8-ml. sample
of blood is drawn (in heparin). The blood iz
centrifuged and the plasma separated from the
cells. The activity of 3 ml. of this plasma is
the first value of the plasma clearance curve.

To ascertain the rest of the curve, the fol-
lowing steps are necessary: Draw 8 ml. of
blood (in heparin) at intervals of 15, 30, 60,
120, and 180 minutes, and at 24- to 72-hour
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intervals, until 10 days have elapsed. Separate
the plasma from the cells. At the same time
that each blood sample is ccllected, draw two
hematocrit tubes of blood and determine the
hematocrit. Correct this hematocrit value for
trapped plasma by muitiplying by 0.98.

Determine the activity of 3-ml. sampies of
plasma. Plot the values from 0 to 180 minutes
ve. time in minutes to obtain the rapid com-
ponent of the curve. From this curve, deter-
mine the time necessary for the initial activity
to decrease to 50% (the t1} for the fast-clear-
ing component).

For the second, slower-clearing component,
plot the values from 0 to 10 days vs. time,
From this curve, calculate the t14 of the slow-
clearing component. Extrapolate this curve
back to day zero to determine the intercept,
or day zero activity, of the slow-clearing
component,

The cell portion of the sampleg collected at
day zero, and from 1 to 10 days after day zero,
is used to determine the red cell iron uptake
curve. The first step is to wash the cells
three times with isotonic saline and resuspend
the cells to 8 ml. with saline. Then the activity
of the B-ml. suspension is measured and the
activity is divided by the hematoerit in order
to calculate activity per milliliter of packed
cells. The red cell mass (RCM) is calculated
by multiplying the plasma volume by a ratio
of the hematocrit to the plasmacrit (1-hemato-
crit). The activity per miililiter of packed
cells is multipled by the RCM to give the
activity per total red cell volume. The activity
injected is determined by multiplying the ac-
tivity of 8 ml. of the **Fe standard by the
dilution factor. The ratio is then calculated
for the activity per total red cell volume to the
activity injected. By means of these values
and the following formula, the percentage of
the injected aectivity incorporated into the red
cells is calculated:

Red cell volume X activity/ml. ecells

Total activity injected

100 = percentage injected activity incorporated

If these values are plotted vs. time in days,
the rate of red cell iron uptake or appearance
can be determined.

Organ counting

Counting sites are outlined on the patient’s
body to localize the heart, liver, spleen, and
gacruml. The first measurement of Fe is
made within 10 to 20 minutes after the in-
jection of the *°Fe-labeled plasma. A second
measurement is made of all areas in 2 to 2.5
hours. The third measurement is made within
4 to 6 hours of the first. Additional measure-
ments are performed at 24 to 72 hours until
10 days have elapsed. The activity measured
each day is divided by the %*Fe standard to
give an R factor for each time (R,). The R
factor is divided by the R, factor (the activity
at time zero divided by the standard) to give
a ratio. The ratios at each time, for each
tissue, are then plotted vs. time in days. This
plot will show the change in **Fe concentration
in each area measured during the 10-day
period.

Plasma iron and hemoglobin concentration

A sample of blood is drawn immediately
prior to the start of the ferrokinetic study,
and the plasma iron and hemoglobin concentra-
tion is determined through standard technics.

IV. CALCULATIONS

The standard procedure was tested on a
normal individual—male; 18 years old; height,
72.0 in.; and weight, 81.63 kg. The following
figures and values are from this study.

Plasma clearance and red cell upiake

The composite plasma iron clearance curve
is presented in figure 1. The time for the
activity to drop to one-half the initial value,
the ti%, is shown for both the rapid and the
slow components of the clearance curve. The
upper curve depicts the rapid clearance—the
lower curve, the slow component. The tl4 of
the rapid component is 122 minutes (or




2.03 hours). The slow-component curve inter-
cepts the activity axis at 0.0166. The tl4
values and intercept (C) were used to calculate
factors r, and ri;. This calculation was
made by dividing 16.67 by the rapid component,
tl% in hours, to get r;; and by dividing 0.693 by
the slow component, tl4, to get r;. The values
were: r, — 8.212, and r; = 0.289.

The red cell iron uptake curve in figure 2
shows a maximum iron inecorporation of 82%
by the eighth day after 3*Fe injection. The
curve was analyzed to determine the tlf, the
time necessary for the curve to reach 20% of
the maximum incorporation. This value was:
tl5 = 2.1 days.

The plasma volume was 3,386 ml., or
41.48 ml./kg. The hematocrit (corrected) was
44.4% and the plasmacrit was 55.6%. The
red cell volume was 2,671 ml., or 32.72 ml./kg.
The hemoglobin value was 15.0 gm./100 ml,,
and the total body hemoglobin was %09 gm.
The iron concentration was 147 .g/100 ml.

Formulas for ferrokinetics

Pollycove and Mortimer (3} have presented
formulas for calculating iron turnmover, hemo-
globin synthesis, mean erythron life-span, mean
effective erythron hemoglobinization time, the
labile iron poo! in the marrow, and the plasma
iron pool. They have also presented formulas
for -caleulating iron storage pools. Their
formulas have two forms: first, when there is
appreciable iron storage; and second, when
there is little iron storage. Examination of
figure 3 shows that there was no peak within
the 10-day period in the liver curves; therefore,
the formulas given are those used to calculate
the parameters when there is little iron
storage.

Az a first step in calculating the parameters
it was necessary to determine calculation
factors, some of which have already been
described (i.e., r;, = 8.212; r; == 0.289; and
C = 0.0165). These were used to calculate
additional factors, including: factor b = r; +
C (r1 — 1r3), factor ¢ = ry 4 r,; and factor
e =1, X ry. The values were: b = 0.420,
¢ = 8.501, and e = 2.373. Factors b, ¢, and e

59
MINUTES AFTER  FE INJECTION

1530 60 1
100 e = ®

'3

E ACTIVITY REMAINING IN PLASMA

%

o 3

Oo-llllllllll!lllLJ
0 1 2 3 4 5 & T B 9% 01N 12 13 14

9
DAYS AFTER FE INJECTION

FIGURE 1

Plasma iren clearance curve showing the t% of
the rapid and slow components.

were then used to calculate the rate constants
M, N, P. Rate constant M was obtained by
subtracting b from c¢; N, by dividing e by M;
and P, by subtracting N from b. The rate
constant values were: M = 8.081, N = 0.294,
and P = 0.126.

The firat step in calculating the labile iron
pool (X.) was to multiply the plasma volume
by the iron concentration. This value, which
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FIGURE 2

Curve showing maximal red cell fron incorporation and the mean
effective erythron hemoglobinization time.

was equal to the plasma iron pool, X,, was
multiplied by rate factor M and divided by
factor b to give the labile pool, X,. The for-
mulag were:
X, (mg.) = Plasma Fe (pug./ml) X
Plasma volume (ml.) / 1,000 (ug./mg.}

X, (mg) =M x X, /b

where the value for X; — 5 mg., and for X, =
95.8 mg.

The plasma iron turnover, determined by
multiplying the plasma pool value X, by the
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rate factor M, was 404 mg./day. The red
cell turnover was calculated by multiplying X,
by N. This value was 28.2 mg./day. Because
1 gm. of hemoglobin will contain 3.4 mg. of
iron, the daily hemoglebin synthesis ecan be
determined from the red cell turnover value.
The turnover value was divided by 3.4 to deter-
mine the daily hemoglobin synthesis: 8.3 gm.
hemoglobin/day, or 1.4 gm./liter blood per day.

Mean erythron life-span

The first step was to calculate the taotal
body hemoglobin. This value, 908,86, was then
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Change in organ 50Fe concentration with time.

divided by the daily hemoglobin synthesis value
to give a mean erythron life-span of 109 days.
The assumption necessary for this calculation
was that the red cell volume remain constant
throughout the test period. Changes in the
red cell volume would have required additional
calculations.

Mean effective eryihron hemoglobinization
time (MEEHT)

This value i3 the time interval between the

. incorporation of iron into the marrow erythrons
and its appearance in circulating erythrocytes.
r The first step in calculating this parameter was

to caleulate the t15 of the ved cell iron incoy-
poration curve. This value was 2.1 days, The
next step was to caleulate, according to DPolly-
cove and Mortimer (3), the “t'; (F).” This
was caleulated by dividing 0.223 by rate factor
N. This valwe, 0.76, wus then subtracted
from the t15. The MEEHT was 1.34,

V. RESULTS

The formulas of Pollycove and Mortimer (3)
rive the following estimate: a plasma iron
turnover of 40.4 myg. Fe per day, or 40.4 mg, Fe
leaving the plusma per day; a red cell iron
turnover of 28.2 my, Fe per day, or 28.2 mg. Fe
uged in hemoglobin synthesis per day. In
other words, the daily feedback of iron
{(12.2 mp.), from the labile erythropoietic pool
(95.8 mg.) to the plasma pool (b mg.), is
approximately one-third of the amount of iron
(404 my,) daily entering the labile erythro-
puoietic pool from the plasma,

Hemoglobin synthesis per day i1s 83 gm.,
or 1.4 gm. per liter per day. The mean erythro-
cyte life span is 109 days and the mean effective
erythrocyte hemoglobinization time is 1.34
days. With a total body hemoglobin value of
908.6 gm., the hemoglobin synthesis per day
is 0.91/ of the circulating hemoglobin,
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V1. DISCUSSION

Thea formulas of Pollycove and Mortimer (3)
are extensions of the formulas of Huff et
al. (4), who proposed a method for calculating
hemoglobin synthesis in which the plasma iron
turnover was multiplied by the maximal frac-
tion incorporated into new red cells. This gave
the milligrams of iron needed to form new red
cells per day, or the daily hemoglobin synthesis
rate. On the basis of a mean erythron life-
span of 100 to 120 days, however, the daily
hemoglobin synthesis rate should not exceed
0.75% to 1.00% of the total body hemoglobin.

Values found by using the formulas of Huff
et al. were 1.2% to 2.00%. Pollycove and
Mortimer (3) prepared a model of ferrokinetica
in which the flow of iron between compart-
ments was analyzed. From this they devised
rate constants for use in calculating fer-
rokinetics. In the present study, the daily
hemoglobin synthesis using the formulas of
Pollycove and Mortimer was found to be within
expected limits. The methods described here,
comhined with their formulas (3), provide
accurate measurement of the various fer-
rokinetic pools and rate factors for iron move-
ment between them.
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