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Introduction

The last national nutritional survey (NHANES 111 1988-
1994) revealed that 15% of the US adult female popula-
tion is iodine-deficient as defined by the World Hedth
Organization: levels of iodine/iodide (1) below 50
ug/L.! That is one out of every seven female patients
walking into a physician’s office. Yet, rarely do physi-
cians order urine | levels, even in patients with ssimple
goiter and hypothyroidism. Such patients are usually
prescribed thyroid hormones. There is convincing evi-
dence that | deficiency predisposes to fibrocystic disease
of the breast (FDB) and breast cancer.?® Administration
of thyroid hormones to I-deficient women increased fur-
ther their risk of breast cancer.® Forty years ago, the risk
ratio for breast cancer in our population was 1:20 and
now it is 1:8," coincident with an increased prevalence
of | deficiency in our population.*

To encourage physicians to perform routine urine | de-
termination in their practice, a ssimple method will be
described to accurately measure urine | levels. This
technique uses quantification of iodide by a potentiomet-
ric method, using an ion-selective electrode (ISE). Uri-
nary iodide is measured by the electromotive force
(EMF) generated on the iodide-sel ective electrode due to
the presence of iodide in the urine sample. Within a cer-
tain range of iodide concentrations, there is a linear rela-
tionship between the logarithm of iodide concentration
and the EMF generated.

The concentration of chloride in urine is usualy 1 mil-
lion-fold higher than iodide, and there is a significant
interference by chloride in the analysis of urinary iodide
by the ISE method. To prevent this interference, purifi-
cation of the urine sample by anion exchange chroma-
tography is performed prior to ISE measurement. This
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assay is simple and quick, with results within one hour,
if the ISE measurement is performed in the physician's
office. We also present preliminary data on an I-loading
test to assess | sufficiency of the whole human body.

Motivating Factor in the Development of the Assay
Mainland Japanese women have a very low incidence
and prevalence of FDB and breast cancer.™* Severd in-
vestigators have proposed that the essential element |
was the protective factor in mainland Japanese.?® If,
indeed, the essential element | is the postulated protec-
tive factor, the administration of | to American women
in amounts equivalent to that consumed by mainland
Japanese women would be expected to protect them
from breast cancer and improve FDB, as previously pro-
posed by Stadel for breast cancer’ and confirmed for
FDB by Ghent, et al.> Based on data supplied by the
Japanese Ministry of Hedlth, the average daily | intake
by mainland Japanese is 13.8 mg.™®

We evaluated the effect of two drops of Lugol solution
in tablet form containing 5 mg of iodine and 7.5 mg io-
dide as the potassium salt (lodoral®, Optimox Corpora-
tion, Torrance, CA), administered daily for three months
to 10 normal women. Informed consent was obtained
from all subjects participating in the studies described in
this manuscript. This supplement had no adverse effect
on ultrasonometry of the thyroid gland, the serum levels
of thyroid hormones, blood chemistry, hematology, and
urine analysis.®® This form and amount of | was chosen
because it was widely prescribed during the early and
mid 1900s for | replacement therapy.**** The amount of
12.5 mg of | present in two drops of Lugol is very close
to the estimated mean daily intake of 13.8 mg | by
mainland Japanese.™®

According to the medical literature, urinary | level isthe
most valid index of | intake.”*® Using a commercial
laboratory (Doctor's Data Inc., Chicago, IL), we fol-
lowed the pattern of 24-hour urinary | excretion before
and after ingestion of one tablet of lodoral® in two male
and three female subjects. To our surprise, both male
and female subjects who ingested one tablet of lodoral®
containing 12.5 mg |, excreted in their 24-hour urine
samples only 10-30% of the | ingested, with a mean of
20% (Table 1). There are two possible explanations for
thisfinding: low bioavailability of the solid dosage form
of the | tablet or high retention by the body. If this was
due to low bioavailability, prolonged administration of
this | supplement should not result in an increased uri-
nary excretion; otherwise, as the body becomes more I-
sufficient, a greater percentage of the ingested | would
be excreted. In order to elucidate the cause of this low |

(Continued on next page)
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Tablel

Urinary Excretion of lodidein 5 Subjects on a Supplement
Containing 12.5 mg of odine/l odide (1odoral®)

' Age Height Weight Urinary | Concentration (mg/24 hrs)
Subject Sex (years) | (inches) | (pounds) Pre After 1 Day After 30 Days

1 F 21 60 128 0.030 1.10 12.00

2 F 19 64 130 0.022 2.00 1.20

3 F 22 68 122 0.053 240 4.50

4 M 55 67 168 0.140 3.80 8.10

5 M 40 73 175 0.180 3.10 5.50

X 31 66 144.6 0.085 2.48 6.26

13 9.2 23 0.106 141 5.50

excretion, we continued the administration of | in those
subjects for one month. Then, we repeated the 24-hour
urine collection, and | was measured again in the col-
lected urine samples.

Following one month of daily ingestion of one tablet of
lodoral®, the excretion of | increased to 36-96% of the
oral amount in four of the subjects with amean of 50% in
the five subjects (Table 1). Female Subject #2 excreted
only 10% of the oral dose after one month of supplemen-
tation. She had the lowest baseline | level (0.022 mg/24
hr) and the greatest | retention after one and 30 days.
The only digtinctive feature of this subject was mam-
momegaly (size 40D). Thiswould suggest a very impor-
tant role of the mammary glands in the requirement for |

by the whole human body. To our knowledge, the above
findings have not been previously reported. The impli-
cation of such observation is that an I-loading test could
be developed to assess not just thyroid sufficiency but |
requirement of the whole human body. However, for
such a test to be practical, one month duration is too
long. So, the next dternative was to progressively in-
crease the amount of | in a single dose and to measure
urinary | excretion in order to find the amount of in-
gested | that would result in the greatest differences be-
tween individual urine | levels, as an index of degree of
whole body | sufficiency. The standard deviation from
the mean value could be used as an index of the be-
tween-individua variations.

(Continued on next page)

Table?2

Urinary Excretion of lodidein 6 Subjects Before and After Ingesting One, Two, and
Three Tablets of a Supplement Containing 12.5 mg of |odine/l odide (I odor al®)

Subject . Age Height Weight Urinary | Concentration (mg/24 hrs)
(vears) | (inches) | (pounds) Pre 1Tablet | 2Tablets | 3Tablets

1 F 42 62 171 0.160 2.70 4.90 14.00
2 F 51 65 113 0.067 2.60 5.30 9.90
3 F 42 62 110 0.064 3.10 6.00 6.80
4 M 51 69 160 0.250 2.60 6.30 11.00
5 M 63 68 199 011 3.30 6.50 7.70
6 M 70 70 200 0.093 2.50 5.40 7.50

X 53 66 159 0.124 2.80 5.70 9.50

SD 20 5.7 20.5 0.047 0.14 0.35 4.60




Ancther group of six subjects, three males and three fe-
males, was evaluated with 24-hour urinary | levels be-
fore and after ingesting one, two, and three tablets of the
same preparation. The subjects retained approximately
80% of the | content of one and two tablets (Table 2).
But with three tablets containing 37.5 mg of |, there was
atwo-fold difference in | excretion, with a range of 6.8-
14 mg | (18-37%) (Table 2). Themeans+ SD of urinary |
levels (mg/24 hr) for the three doses of | were: 2.8+0.14
(CV = 5%) for one tablet of lodoral®; 5.4+0.35 (CV =
6.5%) for two tablets; and 9.48+4.6 (CV = 48.5%) for
three tablets. There was a 10-fold increase in the coeffi-
cient of variation around the mean value at three tablets
of the | supplement, compared to one and two tablets. Sub-
ject #3 who retained the most |, with only 6.8 mg (18%) in
the 24-hour urine collection, suffered from severe FDB,
again pointing to the mammary glands as an important
organ of | utilization. These results suggest that the
measurement of urinary | levels before and after admini-
stration of three tablets of lodoral®, could be used as an
I-loading test to assess | sufficiency of the whole human

body.

For the I-loading test to be widely used in the physi-
cian’s office, the measurement of urine | levels would be
best performed in situ, using a simple method with non-
hazardous reagents. The valuesfor | presented in Tables
1 and 2 were obtained by a procedure called Induction
Coupled Plasma-Mass Spectrometry (ICP-MS). The
equipment required for this procedure is extremely ex-
pensive and very complex in its utilization. The ISE
method is very simple, requiring only the following two
reagents: water and sodium nitrate. Sodium nitrate is
used in the ISE method as an Isotonic Strength Adjuster
(ISA) at aninitia concentration of 5 Moles/L to improve
performance of the ISE electrode. The ISA is diluted
one part ISA to two parts of iodide standards and urine
samples. The final concentration of NaNOjs in the assay
is 1.66 Molar. The ISE procedure does not require any
special precaution, beside the usual good laboratory
practice. Water and NaNO; are used in the ISE meas-
urement and in the chromatographic purification of urine
samples on anion-exchange resin, simplifying the proce-
dure.

M easurement of lodidein Biological Fluids

by Ion-Selective Electrode: A Review of

Pertinent Publications

Urinary lodide: In 1983, Cooper and Croxson®® wrote a
letter to the editor published in the Journal of Clinical
Chemistry, describing their unsuccessful attempt to
measure urine iodide levels in New Zealanders by the
direct ISE method, using equipment from Thermo Orion
(Beverly, MA). The high concentration of chloride pre-
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sent in urine samples interfered in the assay. They were
unable to achieve reliable and reproducible results. They
postulated that chloride was the interfering substance
due to the persistence of thisinterference following deio-
dization of urine by chromatography on anion-exchange
resin. This procedure retained iodide on the column, but
chloride was eluted in the chromatographed urine. Not
only did the presence of chloride render the assay non-
specific for iodide, but it also caused a decrease in sensi-
tivity by one order of magnitude. With standards of io-
dide in water, the sensitivity was 10° M (0.127 mg/L),
but with standards in deiodized urine, the sensitivity was
10° M (1.27 mg/L). It is surprising that these authors
did not carry their experiments to the next logical step:
use the same anion-exchange resin to purify iodide from
chloride. Since chloride was eluted with the chroma-
tographed urine, but iodide was retained on the column,
they could have used a high ionic strength buffer to elute
the iodide fraction afterward. The urinary | levels of
New Zealanders are 10-20 times less than the sengitivity
of 1.27 mg/L. These authors concluded that “on the ba-
sis of chloride error, the iodide-selective electrode is un-
suited for the accurate experimental determination of
iodidein urine.”

In 1986, Yabu, et al® came to the redlization that the
New Zealander's problem was not a problem at all for
mainland Japanese. Although they confirmed Cooper
and Croxson's findings that the assay was not specific
below 1.27 mg/L, mainland Japanese excreted higher lev-
els of urinary iodide than 1.27 mg/L. In 163 urine speci-
mens analyzed, only one specimen had a concentration
below 1.27 mg/L. They observed | levels in these urine
samples ranging from 0.6 mg/L to 17.4 mg/L. If those |
levels are expressed as mg/24 hr and assuming an aver-
age 24-hour urine volume of 1.5 L, the range of | excre-
tion per 24-hour would be 1-25 mg in these 163 Japa-
nese subjects. This range is in agreement with the esti-
mated average daily | intake of 13.8 mg | in mainland
Japanese.®

The iodide levels observed in the mainland Japanese
were two orders of magnitude higher than urinary iodide
concentrations in New Zealanders — for that matter, in
citizens of the Western World.®® In 1993, Kono, et al,*
using direct measurement of urine iodide in 2,956 men
and 1,182 women, confirmed the reliability of the direct
ion-selective eectrode assay in urine samples from
mainland Japanese subjects. However, Yabu and Kono
were not able to measure accurately iodide levels below
1.27 mg/L due to chloride interference. Above that
level, they achieve excellent correlation with an estab-
lished assay for urinary iodide, the ceric ion-arsenious

(Continued on next page)
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acid method.?? It is of interest to note that the electrode
and meter used in the two publications from Japan were
obtained from Radiometer (Copenhagen, Denmark).
This company supplies a procedure to perform direct
measurement of urinary iodide with its equipment.

Milk lodide: In 1980, Lacroix and Wong measured io-
dide directly in cow’s milk by ion selective electrode.
They reported a value ranging from 0.14-0.35 mg/L,
when the milk analyzed was taken raw from individual
cows. Market milk contained mean levels ranging from
0.52-0.70 mg/L. These authors did not perform experi-
ments to prove the specificity of their procedure. In
1984, Gushurst, et al,** measured iodide in human milk
by ion-selective electrode. They observed values ranging
from 0.029-0.45 mg/L. Since the concentration of chlo-
ride in milk is 10 times less than in urine® they were
able to measure iodide levels down to 0.029 mg/L. The
studies performed with milk samples used iodide-
selective electrode and meter from Thermo Orion. The
authors of these studies did not confirm specificity of
their assay by comparison with an accepted method.

Purification of Urine Samples by Anion-Exchange
Chromatography Prior to Assay of |odide

For the ISE method to become widely used in the clini-
cal setting, it must be reliable at al levels of urinary io-
dide, down to levels observed in severe | deficiency
(<0.025 mg/L). To our knowledge, a procedure combin-
ing prior chromatographic purification to improve speci-
ficity and sengitivity of the ISE assay of iodide in bio-
logical fluids has not been published. In our opinion,
purification prior to ISE measurement is a sine qua non
requirement for specificity and sengitivity of the ISE as-
say under al physiological and pathological conditions
including severe | deficiency (urine 1 <0.025 mg/L).
Chromatographic purification of urine samples on col-
umns of anion-exchange resin was selected for the rea-
sons described below.

In 1962, Murthy, et al,? reported a procedure for remov-
ing radioactive iodide from milk. A strong anion ex-
change resin was used (Dowex 2 x 8) to retain the radio-
active iodide, and a large volume of milk could be proc-
essed through these columns. A mean + SD of 98+2%
of the iodide could be retained on the columns when 120
bed volumes were chromatographed. The bed volume is
approximately 1 ml per gm of resin. They were able to
elute approximately 98% of the radioactive iodide from
the column with 30 bed volumes of 2N sodium nitrate
(NaNQOs3) in 0.16N HNOs;. This publication was of great
interest to us since the ISE assay of urinary iodide pub-
lished by the Japanese scientists®* used 5 ml of 5N
NaNO; as ISA, added to 10 ml of urine. We postulated
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that by prior chromatographic purification of urine sam-
ples on anion exchange resin and using 5N NaNOj as the
elution solvent to €ute iodide, measurement of iodide
could be made directly after adding two volumes of wa-
ter to the eluant.

Materials used in anion exchange chromatography are
composed of three components attached together and
placed in a column: the base or backbone support; the
functional group or ion exchanger; and the counter ion
available for exchange. For backbone, styrene divinyl
benzene (SDB) was preferred over silicagel becauseitis
more rugged, less sensitive to pH changes, and possesses
ahigher capacity.”® For example, SAX columnswith silica
backbone are available from Varian and Associates (Harbor
City, CA) with a capacity of 0.85 m Eg/gm of resin.
However, with SDB backbone, Alltech (Deerfield, IL)
guotes a figure of 1.5 m Eqg/gm, a 75% greater capacity
to exchange anions. This trandates into the ability to
process a 75% greater volume of urine for the same
amount of resin.

Strong anion exchangers are quaternary amines versus
weak anion exchangers, which are primary, secondary,
and tertiary amines. Strong anion exchangers are always
charged at any pH; therefore, elution of the analate of
interest could be achieved by increasing the ionic
strength of the elution solvent without any acid added.
Data are available for strong anion exchangers regarding
the relative selectivity of halides®® With fluoride as
unity, chloride has a relative selectivity of 10; bromide
28; and iodide 87. The higher the number, the stronger
the binding of the halide to the anion exchanger. The
stronger the binding of the halide to the ion exchanger,
the higher the ionic strength required for elution. There-
fore, by choosing a wash solvent with ionic strength high
enough to elute fluoride, chloride, and bromine, but not
high enough to elute iodide, a high degree of purity of
theiodide fraction could be achieved.

For counterions, the choice from products available
commercialy was between chloride and acetate. Since
chloride interferes in the assay, we chose the acetate
form (Figure 1). Although a wide range of counterions
could be prepared by preconditioning the anion ex-
change columns, this would not be practical in aclinical
setting. The ideal counterion on the SAX columns used
for the purification of iodide from the other halides
would be nitrate. Based on information supplied by All-
tech with the SAX columns, iodide is the only halide
capable of displacing nitrate from the tetramethyl ammo-
nium group. The smaller pore size of 60A was prefer-
able because it excluded molecules with molecular

(Continued on next page)
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Figurel
SAX Resin

— —CH—CH;—CH—CH;—CH—CH,— )
Backbone Styrenedivinyl benzene
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Functional Group (CH,),N*CH, CH,N* (CH,), Tetramethylammonium
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Counterion CH, - C*o o//C - CH, Acetate

Chemical structure of the SAX resin used in the chromatographic purification of urine samplesprior to | SE measurement.

weight above 1,000, and it prevented overloading the
resin with high molecular weight anions present in urine
samples. Finadly, the larger particle size was chosen be-
cause it allowed elution at the proper flow rate with
lower pressure and vacuum. In Table 3 are displayed the
various options commercially available for anion ex-
change chromatography. The characteristics chosen are
in the right column.

The strong anion exchanger SAX was obtained from
Alltech and tested with bed weights of 100, 200, 500,
and 600 mg of SAX. The bed weights of 300 and 400
mg were not available commercially. This resin has a
SDB base with a functional group of tetramethyl ammo-
nium and with acetate as counterion (Figure 1). We
were interested in a column of SAX that had the capacity
to handle up to 30 ml of urine without overload and
breakthrough of iodide. The reason for this will be ex-
plained later. Preliminary tests revealed that 500 mg of
SAX was the minimum bed weight required to process
10-30 ml of urine without overload (breakthrough) of the
column. Overloading the column resulted in the pres-
ence of iodide in the urine eluate after the first pass,
causing low recovery of iodide in the purified fraction
eluted with the high ionic strength solvent.

The 500 mg column with a 10 ml reservoir was chosen
(Alltech part #309750). Ten milliliters of urine was ap-
plied to the SAX column, which was fixed on top of a
vacuum manifold (Applied Separation Inc., Allentown,
PA), connected to a vacuum pump (Alltech). We used
the Bench Top Vacuum Station, which was capable of
maintaining a preset vacuum. A vacuum of only two
inches (50 mm) of mercury was sufficient for an elution
flow rate of 4-5 ml/min. Due to variation in airflow
through the different openings of the vacuum manifold
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and variation of elution flow rates between the columns,
there was atwofold difference between columns with the
fastest and Slowest flow rate. The elution of 10 ml of
urine required 2-4 minutes at the vacuum setting of 50
mm Hg.

The four halides — fluoride, chloride, bromide, and io-
dide — were added individually in known amounts from
stock standard solutions to pooled urine samples col-
lected from a fasting subject. Using Thermo-Orion ISE

(Continued on next page)

Table 3
Options Commer cially Available
For Anion-Exchange Chromatography
of Urine Samples*
|. Base - Styrene-divinyl
(Backbone) Sllica Gel Benzene
Weak Exchanger Strong
I. Functional (Primary, Exchanger
Group Secondary, and (Quarternary
Tertiary Amine) Amine)
1l Counter-lon Chloride Acetate
IV. PoreSize Large Small
(Average Value) (300 A) (60 A)
V. Particle Size Small Large
(Average Vaue) (12 Microns) (60 Microns)
*Characteristics chosen arein theright column
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Figure?2
Dose-Response Curve for the Four Halides Using Thermo Orion | SE Electr odes
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The Thermo Orion part number isdisplayed next to the standard curve.
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electrodes and special reagents, the halides were meas-
ured following chromatography in the eluted urine, in
the wash solvent (10 ml of 0.5N NaNQs), and in the elu-
tion solvent (5 ml of 5N NaNOj3). The standard curves
for the four halides are displayed in Figure 2.

The eluted urine contained fluoride and 75-80% of the
chloride. Some 20-25% of the chloride was retained on
the column, together with bromide and iodide. A wash
of the column with 10 ml of 0.5N NaNO;e€luted the re-
tained chloride and the bromide. Quantitative recovery
of iodide (>95%) was achieved with 5 ml 5N NaNOsa.
The eluant containing the iodide in 5 ml of 5N NaNO;
was mixed with 10 ml of water and measured directly by
immersion of the iodide selective electrode (Orion Elec-
trode #9653 BN) connected to the Orion Meter 720-A
Plus. Standards of potassium iodide (Spectrum Chemi-
cal, Gardena, CA #P0185) were prepared in water at
concentrations ranging from 10° M to 10° M. A vol-
ume of 10 ml of iodide standard was mixed with 5 ml of
5N NaNO;prior to measurement by the iodide selective
electrode. The stored standard curve in the 720-A Plus
meter was programmed to display the urinary | levelsin

mg/L.

M ethodology

Urine samples collected over a period of 24 hours were
stored by the subject during collection in a three-liter
plastic bottle, supplied by Doctor's Data, Inc. After
measurement of the total volume at the clinic, sodium
azide was added at a final concentration of 0.05% for
bacteriostatic purpose (10 ml of a 5% solution per liter
of urine). Sodium azide is the commonly used bacterio-
static agent in such cases.® Prior to addition of the so-
dium azide, a sample was obtained and mailed to Doc-
tor's Data for analysis by ICP-MS. Samples of the col-
lected urine were then stored at -20° C in plastic contain-
ers until assayed by the ISE method. Repeated freezing
and thawing of the urine samples had no significant ef-
fect on the measured | levels. However, without a bacte-
riostatic agent, such manipulation of the samples re-
sulted in decreasing | levels and evidence of bacteria
growth. Aqueous solutions of 0.5N and 5N NaNOs
(Spectrum Chemical #S0183) were prepared and stored
at room temperature. A stock solution of potassium io-
dide 1.66 gmin 1 liter of purified water (10% Molar) was
stored in a dark glass bottle. From this stock solution,
iodide standards were prepared by dilution to contain a
range from 10° M (127 mg/L) to 10® M (0.00127

mg/L).
Under a vacuum of 40-/50 mm Hg, 10 ml of urine was

applied to a SAX column 500 mg, with a 10 ml reservoir
(Alltech #309750) and the elution flow rate adjusted so
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Figure3
FD & C Green No. 3 (Brilliant Green)
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o

Chemical structure of Brilliant Green. (Modified from
reference 27.) Note the two benzene rings and the qua-
ternary amine group.

not to exceed 4-5 mi/min. This is the most critical step
in the assay. A dower flow rate did not have an adverse
effect on the performance of the anion-exchange col-
umns. Exceeding this flow rate, however, caused break-
through of iodide in the urine eluate, with low recovery
of iodide in the assay. At the same vacuum setting, the
elution flow rate decreased with the wash and elution
solvents. Therefore, it was very important to set the
flow rate during the elution of the urine sample. Since
there was variation in flow rate between the columns, the
SAX column with the highest flow rate was used to
monitor visually the urine level in the reservoir. To fa-
cilitate this process of observing urine levels through the
opalescent wall of the reservoir, a food coloring was
added to the urine samples prior to chromatography. FD
& C Green No. 3 (Warner Jenkinson Company, St
Louis, MO) was selected for its useful attributes. Hav-
ing two benzene rings in its molecule (Figure 3) resulted
in a very strong hydrophobic interaction with the ben-
zene rings in the SDB backbone of the SAX (Figure 1).
FD & C Green No. 3 was retained on the column, result-
ing in a clear eluate. Although FD & C Green No. 3
contains a quaternary amine (Figure 3) capable of bind-
ing iodide, its concentration was so low that no signifi-
cant interference was observed in the performance of the
columns. We added 1 ml of a 1% solution per liter of
urine. The amount of that dye in 10 ml of urine was 0.2
pMole, compared to a concentration of 750 puMoles of

(Continued on next page)
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guaternary amines on the SAX column. FD & C Green
No. 3 has antiseptic, therefore bacteriostatic properties,
since it is used topically and orally in veterinary medi-
cine as an antiseptic.”” We are currently testing FD & C
Green No. 3 as a bacteriostatic agent to replace sodium
azide. So far, the resultslook very promising.

We have tested severa SAX columns with both silica
and SDB backbones obtained from Alltech and Varian.
The vacuum setting required for the proper elution flow
rate varied widely between SAX columns with as much
as 15 inches (375 mm) Hg for some SAX columns with
silica backbone and small particle sizes. With the All-
tech 500 mg SAX columns, however, a vacuum setting
of 50 mm Hg resulted consistently in the proper flow
rate. The Alltech vacuum pump displayed the ambient
atmospheric pressure in mm Hg. The desired vacuum
was achieved by setting the vacuum pump at 50 mm be-
low ambient.

Chromatography of the urine sample on the SAX col-
umn yielded three fractions, which were used to measure
fluoride, bromide, and iodide. The flow chart in Figure
4 summarizes this procedure. The eluted urine contains
>95% of the fluoride and 75-80% of chloride. Ten milli-
liters of the specia ISA TISAB Il (Thermo Orion
#940909) was added to the 10 ml of eluted urine, and

fluoride level was measured with electrode #9609BN.
The wash solvent consisted of 10 ml of 0.5N NaNO; and
following chromatography on the SAX column con-
tained 20-25% chloride and >95% bromide. Using the
electrode #9635BN, bromide levels were measured fol-
lowing addition of 5 ml of 5N NaNOgsto the eluted wash
solvent. The bromide standards used to compute the
standard curve were prepared in 0.5N NaNO;. Valida
tion of the bromide assay will be the subject of another
report. The last step was the addition of 5 ml of 5N
NaNO; to the column and €lution of iodide at the same
vacuum setting, although the flow rate was less, between
2-4 ml/min. Ten milliliters of water was mixed with the
eluted 5 ml 5N NaNOs. lodide concentration was meas-
ured directly by immersion of the eectrode (Orion #9653
BN).

Acceptability of the | SE M ethod for

Urinary lodide M easurement

We followed the same procedure we previoudy de-

scribed for the validation of radioimmunoassay of ster-

oid hormones in biologica fluids®% The criteria for

acceptability of an assay includes reliability and practi-

cability. Thereliability of an assay depends on its sensi-

tivity, specificity, accuracy, and precision. The practica-

bility of an assay is judged by the skill required to per-
(Continued on next page)

Figure4

of Fluoride, Bromide, and |

>

Flowchart Describing the Procedure Used in the Combined M easur ement
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form it, the time involved in its performance, and the
cost of the assay.

Reliability eExperiments

Sensitivity: The theoretical limit of sensitivity achiev-
able with ISE assay of urinary iodide is set by the sensi-
tivity of the iodide selective electrode itself. From data
supplied by Thermo Orion, the sensitivities of the ISE
electrodes for halides are: for iodide, 5 x 108 M; for
fluoride, 10® M: for bromide, 5 x 10° M: and for chlo-
ride, 5 x 10° M. The iodide selective electrode is by far
the most sensitive, being 20 times more sensitive than
the ISE electrode for fluoride, 100 time more sensitive
than for bromide, and 1,000 times more sensitive than
for chloride. Expressed as mg/L, the iodide selective
electrode is sensitive down to 0.006 mg/L, compared to
a sengitivity of 0.003 mg/L, for ICP-MS used by Doc-
tor's Data Laboratories. (Information on sensitivity of
ICP-MS supplied by Dean Bass).

In achieving this theoretical sensitivity, other conditions
are important. First, the sensitivity of the standard curve
isalimiting factor. The sengitivity of the standard curve

is defined as the smallest amount of iodide that is signifi-
cantly different from zero at the 95% confidence limit.
In order to compute the standard curve (the dose re-
sponse curve), the EMF expressed in millivolts (mV)
was plotted on the Y-axis against the logarithm of in-
creasing amount of iodide, from 10° M to 10° M on the
X-axis. The iodide selective electrode was extremely
sensitive (Figure 5), with a linear response from 103 M
to 10° M. A mean D EMF of 61 mV per decade was
observed from 10° M to 107 M, but from 107 M to 10°®
M, the standard curve became non-linear with only 36.2
mV per decade.

To calculate the mean blank value, samples containing
zero iodide are run in the assay using several replicates,
ideally six. The sensitivity would then be equal to two
standard deviations from the mean blank value, after
subtracting the mean blank value. We tested water
blanks and deiodized urine blanks. When six samples of
water of 10 ml each were chromatographed on the SAX
column as described under methodology, we obtained a
mean + SD of 0.0024 + 0.0006 mg/L. Deiodized urine

(Continued on next page)
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Table4
Correlation Between Urinary |
Levels Measured by ICP-MSwith
L evels Obtained by the | SE Method
Sample lodoral® mg 1/24 hr
Number #Tab ICP-MS ISE
1 1 2.7 3.2
2 1 26 3.3
3 1 31 2.8
4 1 2.6 25
5 1 3.3 4.5
6 1 25 2.8
7 2 6.0 7.2
8 2 6.5 6.8
9 2 5.4 6.2
10 3 14.0 19.0
11 3 9.9 10.7
12 3 6.8 9.0
13 3 11 (16)* 18.2
14 3 7.7 9.2
15 3 75 10.6
*Repeat measurement by ICP-M S

was prepared as described by Cooper and Croxson.*®
The 95% confidence limits of the mean blank were:
0.003-0.005 mg/L. Based on this information, a sensi-
tivity of 0.005 mg/L could be achieved, a value very
close to the 0.006 mg/L suggested by Thermo Orion.
This sensitivity, however, could be improved by three-
fold, using 30 ml of urine for chromatography, but keep-
ing the wash solvent volume at 10 ml and elution solvent
volume at 5 ml. Using 30 ml of urine, the sensitivity in
measuring | in urine samples by the ISE method was
0.0017 mg/L, comparable to the sensitivity of ICP-MS.

Specificity: There are various ways of validating an as-
say in terms of its specificity, one of which is by com-
parison with an accepted method. Yabu, et al,® and
Kono, et al,® validated the specificity of the ISE method
for direct measurement of urinary iodide levels by com-
parison with the ceric ion-arsenious acid method.?
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However, their direct assay without prior purification
proved unreliable with urinary | levels below 1.27 mg/L.
In our US population, based on the latest nutritional sur-
vey, only 5% of urine samples evaluated had | levels
above 0.5 mg/L.} Therefore, the direct ISE method for
urinary | levels, although acceptable for mainland Japa-
nese, would be worthless in our population. By prior
purification of the urine samples using anion-exchange
chromatography, we were able to achieve a sensitivity
250 times better than that reported by the Japanese au-
thors, and 750 times better if 30 ml of urine were chro-
matographed on the SAX column.

To validate the specificity of our procedure, we chose
the ICP-MS as the valid, accepted method. From the
data presented in Tables 1 and 2, urine samples were
available for comparison from 10 subjects (one sample
per subject) for baseline | levels, and urine samples from
the six subjects in Table 2 were used for the post-I sup-
plementation comparison of the ISE method with ICP-MS.
Out of 18 samples analyzed by ICP-MSin those six subjects
following I-supplementation, 15 samples were available
for comparison with the ICP-MS method. With baseline
urinary | levels between 0.022-0.25 mg/24 hr in the 10
samples used for comparison (Figure 6), a correlation
coefficient of 0.996 (p<0.001) was obtained. For urinary
| levels expected in the US population, the ISE method
described in this manuscript is therefore a reliable assay
and the cost of setting up the ISE procedure is within the
reach of the average clinician.

We have not achieved as good a correlation with ICP-
MS, using urine samples with | levels in the range ob-
served in mainland Japanese, that is 100-fold higher val-
ues. Urinary | levels following three tablets of lodoral®
were consistently higher by the ISE method, being as
much as 65% higher than reported by ICP-MS. For ex-
ample, in sample #13 (Table 4), avaue of 11 mg 1/24 hr
was reported by ICP-MS following three tablets of lo-
doral®. We measured 18.2 mg 1/24 hr in the same sam-
ple. Another sample from the same urine collection was
sent to Doctor’ s Data, but labeled as a new sample. The
repeat value was 16 mg 1/24 hr. One of us (GEA) talked
to Dean Bass, who was very helpful. He explained that
his equipment is calibrated to measure | levels within the
range expected in the U.S. population, that is from 0.012
to 0.5 mg/24 hr. The accuracy of their assay, however,
will not be as good with | values 100-fold higher, unless
the urine samples were diluted 100-fold. He exhorted us
to share this information with other physicians who plan
to use Doctor’ s Data for | analysis and who are using our
program. Clearly mark on urine samples “High iodide
levels!! Dilute 100-fold prior to measurement.” We

(Continued on next page)
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Figure6
Correlation Between Urinary | Levels Obtained by ICP-M S
with Values Obtained by the | SE M ethod
0.3 —— n =10

slope=1.17

intercept = —0.0034 mg/24 hr

cor. coef. = 0.996 p<0.001 ®

0.25 ——
o
o}
N
o)
E
w 0.2 —7F]
@)
> °
0
£ 0.15 —
q-
AN
D
S
> 01— ¢
£ .
)
0.05 ——
[ J
| | | | | |
0.05 0.1 0.15 0.2 0.25 0.3
Urinary | (mg/24 hr.) by ICP-M S

have not observed this carryover effect even with a dif-
ference of 1,000-fold between urine | levels of consecu-
tive samples, using the ISE method and carefully wash-
ing the el ectrode between measurements.

Accuracy: The accuracy of the ISE method was tested
by recovery experiments. To deiodized urine was added
an increasing amount of potassium iodide from 0.01 uM
to 100 uM, and measurement of | was performed in five
replicates at each dose level. The recovery experiment
was performed in the same batch of samples. The mean
percent recovery over the range tested varied from 91%
to 112% (Table 5).

Precision: The within-assay variance was tested by per-
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forming five replicate analyses of three urine samples,
one sample with basdine | level and two samples fol-
lowing | supplementation. For the between-assay vari-
ance, these three urine samples were measured on five
consecutive days. The coefficient of variation was
higher for between assay than within assay, with a range
of 5.7-10.5% for within assay and a range of 10.5-18.0%
for between assay precision (Table 6).

Practicability
As previously mentioned, the practicability of an assay
depends on the degree of skill required to perform it, the
time involved in its performance, and the cost of the as-
say.

(Continued on next page)
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Table5
Recovery of Added Potassium lodideto Deiodized Urine
Using the ISE Method of M easur ement
Potassium lodide Added lodide Measured

UM mg I/L mg I/L Mean % Recovery

0 0 <0.005 —
0.01 0.00127 <0.005 —
0.1 0.0127 0.0145 + 0.0035 110%

1 0.127 0.116 + 0.028 91%
10 1.27 1.38+0.26 109%
100 12.7 14.2 + 1.65 112%

Skill:  First, we should mention that the Clinical Labora-
tory Improvement Amendments of 1988 (CLIA) defined
two categories of complexity for laboratory test: moder-
ate complexity and high complexity testing. The ISE
method is only 20 years old and is used currently in uni-
versity and research laboratories, and rarely in clinica
laboratories. For example, Doctor’s Data, Inc. performs
urinary fluoride levels by the ISE method, and it is clas-
sified as high complexity testing mainly because the ISE
procedure is not widely used in the clinical context, at
least not in the US. It islikely that with increased appli-
cations to clinical testing, the ISE method will be down-
graded to moderate complexity.

Obviously, familiarity with laboratory equipment such
as vacuum manifold, solid phase extraction, and poten-
tionmetric measuring devices is a basic requirement for
the analyst involved in ISE measurement. Although no

specia skill is required for implementation of this proce-
dure in a physician's office, meticulous attention to
cleanliness, awareness of the possible sources of inter-
ference, and consistency in the performance of the ISE
method are qualities that the technician involved in ISE
measurement must have. A clearly written protocol and
well-defined guidelines of quality control should not be
difficult to comply with, mainly in a clinic laboratory
already approved for moderate complexity procedures.

Time Involved: Vacuum manifolds are available from
Applied Separations, Inc., with 30 positions, so that
chromatography of 30 samples could be performed in
one batch. The ISE measurement of iodide is relatively
rapid, usualy less than five minutes per sample. This
procedure lends itself to automation, and equipment is
commercially available for this purpose. We have just

(Continued on next page)

renied Within and Between Assay Variancesin the M easurement
of Urinary | Levelsby thel SE Method
ISE Method (mg/L)
Within Assay (5) Between Assay (5)
Sample X +SD CV* X +SD cVv
1 0.035 £ 0.002 5.7% 0.038 £ 0.055 14.5%
2 1.1+0.08 8.0% 1.32+0.24 18.0%
3 4.1+0.43 10.5% 4.4+ 055 10.5%

* CV = Coefficient of variation.
() = Number of replicate measurements.




acquired a new model from Thermo Orion, the #960 Me-
ter with a 45-position Autosampler. This minimizes hu-
man intervention and, therefore, human error. It is of
interest to note that using the 960 Model, the sensitivity
is caculated by proprietary software in the unit, without
human intervention. Surprisingly, the computed sensi-
tivity for | determination, using the same electrode, was
0.006 mg/L, the same value we obtained, as described
previoudy with the model 720 A-Plus meter. The up-
grade from semiautomation to full automation could be
justified with increased number of samples, such asin a
Polyclinic or commercial laboratory.

Cost: The 720 A Plus meter, with iodide-selective el ec-
trode and printer, the 30-position vacuum manifold, the
computerized vacuum pump, and the usual laboratory
glassware and pipetting devices would require an initial
investment of $5,000. We are currently preparing a list
of equipment and other items necessary to get started in
a physician’s office laboratory aready approved by
CLIA for moderate complexity testing. Check with your
local CLIA representative and your clinical pathologist
for the requirements.

Discussion

Methodology: Since the discovery of iodine/iodide in
the early 1800s, the measurement of this element has
progressed steadily from colorimetry to the present
mass-spectrometry. Inthe US, the starch-iodide reaction
was the detection method in the 1930s,*! replaced with
the ceric ion-arsenious acid of the 1940s.* Thislast pro-
cedure is ill used today in most clinical laboratories,
where it has been automated.” The two latest additions
over the last 20 years have been the ISE method®*+%324
and ICP-MS, recently introduced in some clinical labo-
ratories. The advantage of ICP-MS is the ability to
measure a large number of elements in the same biologi-
cal sample. Its disadvantage is the astronomical cost of
acquisition and maintenance.

The ISE procedure for measuring iodide is very smple,
using non-toxic reagents, and yielding results within
minutes. In Japan, the ISE method can be used directly
in urine samples®# However, in the US, the level of
sengitivity of the ISE assay, if used directly, is 100 times
lower than urine | levels usually present in the US popu-
lation. Recently, the availability of SAX resin, with the
purity required for purification of very low levels of io-
dide, made it possible to apply the ISE method to the
measurement of urinary | levels in the US population.
To our knowledge, this is the first time the purification
of biological fluids on SAX columns, followed by meas-
urement of iodide by the ISE method, is reported. Ide-
aly, dl equipment, supplies and reagents needed for the
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ISE assay of urinary | levels should be available from
one source, and this will most likely happen with in-
creased demand. Thereisaneed for a central |aboratory
capable of supplying urine samples with known amounts
of iodide in order to monitor the precision and accuracy
of the assay of urinary iodide in the physician’'s office
and in commercial laboratories. We are concerned about
the great discrepancy observed with values of urinary |
levels reported by commercial laboratories using the
same procedure, ICP-MS. Samples from the same urine
collection were mailed to Doctor's Data and to Mayo
Medica Lab (Wilmington, MA). The value reported by
Doctor's Data was 11 mg 1/24 hr, but Mayo Medical
reported 99 mg 1/24hr for the same sample, a nine-fold
difference.

Clinical Applications: It is estimated that a third of
mankind suffers from | deficiency, defined by the World
Health Organization as urinary | levels below 0.05
mg/L.> However, | sufficiency to prevent smple goiter
and cretinism was considered adequate. | sufficiency of
the whole human body has never been studied. Based
on a review of published studies, we previoudy pro-
posed that an amount of | about 100 times the RDA
would be required for | sufficiency of the whole human
body.** Using this new definition of | sufficiency,
only mainland Japanese consume adequate levels of I,
with 99% of the world suffering from | deficiency.

There is a great need for a simple test to assess | suffi-
ciency of the whole human body. The I-loading test
mentioned in this manuscript, using three tablets of lo-
doral®, may be adequate in aclinical setting. Correlation
of percentage | retained with clinical improvement of
such conditions as FDB could be used to fine tune this |-
loading test. Ghent, et al,® have suggested that the
amount of | needed in women was dependent on their
body weight. The preiminary data presented in this
manuscript suggest that breast size and pathology may
also play an important rolein | requirement by the whole
human body.

The high prevalence of | deficiency in the adult female
US population® justifies the routine measurement of uri-
nary | levelsin every female patient evaluated in clinical
practice. The procedure described in this manuscript
makes it possible to perform such measurements in the
physician’s office.
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