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Abstract
Objective—Pregnancy is a time of rapidly changing demands on the thyroid axis, and knowledge
of thyroid hormone levels, especially during the first trimester, is important for ensuring maternal
and fetal health. The thyroid hormone assays currently in use become more inaccurate at extremes
of binding protein concentrations and when heterophilic antibodies are present. Pregnancy is
characterized by both these conditions, making accurate determination of free thyroid hormone
levels by conventional direct analog immunoassay methods difficult. The objective of this study
was to characterize the performance of a novel tandem mass spectrometric assay for free thyroxine
during the physiologic conditions of pregnancy.

Design—Healthy women without a history of thyroid abnormalities were recruited from the
obstetrics and gynecology and endocrinology clinics of a university medical center and their
thyroid status was monitored. Free thyroxine levels were assessed by both immunoassay and
tandem mass spectrometry during the course of their pregnancy. Serum thyrotropin levels were
also measured. The distributions of free thyroid concentrations obtained by the two assays were
compared.

Main outcome—The tandem mass spectrometry and immunoassay values did not correlate well
with each other. However, tandem mass spectrometry values correlated well with the current gold
standard equilibrium dialysis values. Moreover, the good agreement between equilibrium dialysis
and tandem mass spectrometry was maintained across all weeks of gestation.

Conclusions—We conclude that tandem mass spectrometry has a superior performance to
immunoassay for the measurement of free thyroxine during pregnancy. Furthermore, it is ideally
suited to generating trimester-specific reference intervals for free thyroxine levels. Future studies
will determine if it is a better assay to use in most clinical circumstances.
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Introduction
The dramatic changes in thyroid physiology occurring during the pregnant state make it
crucial to develop reliable trimester-specific intervals for thyroid analytes. Use of
nonpregnant reference intervals could lead to erroneous assessment of thyroid status in this
rapidly changing hormonal environment (1,2). Reliable trimester-specific reference intervals
have not been established for free thyroxine (FT4), although immunoassay data do exist for
small samples (1,3). Trimester-specific reference intervals are available for thyrotropin
(TSH), total thyroxine (TT4), and total triiodothyronine (TT3) (3–12). One of these studies
reports thyroid hormone reference intervals for both immunoassay and isotope dilution
tandem mass spectrometry (12). Some prior studies are limited by the lack of first trimester
data, the failure to exclude women with autoimmune thyroid disease, or the presence of
iodine insufficiency. It is also possible that reference intervals for specific ethnic groups
may be indicated (13–16).

Clearly, availability of accurate trimester-specific intervals for thyroid parameters benefits
clinical decision-making. Knowledge of accurate trimester-appropriate TT4 levels may be
particularly critical in patients whose TSH values do not reflect the clinical situation due to
central hypothyroidism or steroid use. Similarly, there is a possibility that TSH levels may
not fully reflect thyroid status in situations of iodine insufficiency (17,18), despite a low
maternal thyroxine level. In such cases there might be some concern about TT4 levels during
the latter half of pregnancy not rising to within the reference range for that trimester. A TT4
of less than 7.8 µg/dL by immunoassay was the cut-off selected to define maternal
hypothyroxinemia in a 1999 study of maternal thyroid status and childhood development
(19). Accurate measurement of FT4 in pregnancy and trimester-specific FT4 reference
intervals may be critically important if there is merit to the theory that a decreased FT4
concentration, not an elevated TSH, specifically places a fetus at risk (20–22).

Studies employing direct analog immunoassays generally show that FT4 serum
concentrations peak during the first trimester and subsequently fall (3,4,13,23–25). Values
during the second and third trimesters may be lower than nonpregnant values (3,4,6,24–26).
Protein-binding abnormalities may contribute to this phenomenon, but equilibrium dialysis
assays also show lower values during the third trimester than in the nonpregnant state (27).
Historically equilibrium dialysis has been considered to be the most reliable assay for use in
unusual or extreme physiologic conditions (27), but it suffers from being cumbersome, time
consuming, and costly.

Establishing pregnancy-specific reference ranges for FT4 is particularly challenging. Not
only are gestation-related changes in binding proteins such as thyroxine-binding globulin
and albumin substantial, but also each immunoassay used to measure FT4 is affected to a
varying and unpredictable degree by protein binding (27–30). Therefore, different FT4
assays may produce discrepant results (9, 27–29,31–33). Thus, pregnancy reference
intervals ideally should not only be trimester specific, but also method specific (9). Another
potential source of error when measuring TT4, TT3, and FT4 levels during pregnancy is
heterophilic antibodies. These may be present in 0.2–15% of the general population and are
common in pregnant and multiparous women (34). They may also be present in autoimmune
disease and in individuals receiving therapy with monoclonal antibodies. When present
during thyroid hormone quantification, these heterophilic nonspecific antibodies
compromise the veracity of thyroid hormone measurements obtained by immunoassay
(34,35). Moreover, it is difficult to predict whether the interference will produce a falsely
low or high hormone level. Furthermore, reference intervals need to be established with the
most accurate assay. Immunoassay, unlike tandem mass spectrometry, does not perform
well at extremes of thyroid hormone concentrations, potentially leading to missed diagnoses
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(5). Rigorously defined, accurately measured reference intervals in euthyroid pregnant
women without autoimmune thyroid disease or iodine insufficiency would best serve the
clinician who is attempting to diagnose and treat thyroid disorders during pregnancy.

We recently reported a novel technique for measuring FT4 employing a previously used
procedure, ultrafiltration, followed by isotope dilution liquid chromatography tandem mass
spectrometry (LC/MS/MS) (36). We here report serial measurements of TSH, TT4, and FT4
in a cohort of 98 euthyroid pregnant women, with utilization of LC/MS/MS for the thyroid
hormone measurements. This is the first report of the use of FT4 LC/MS/MS assays in a
clinical situation.

Methods
Participant groups

Serum samples were obtained from 98 healthy pregnant and 29 healthy nonpregnant women
from February 2003 to August 2004. These samples were assayed for TSH, FT4 by
immunoassay and MS/MS, and TT4 by MS/MS. FT4 was also measured by equilibrium
dialysis in a subset of the pregnant subjects. Sample size was insufficient to measure thyroid
antibodies. Urine samples for assessment of iodine status were not collected. None of the
women had a prior history of either hypothyroidism or hyperthyroidism, and all had serum
TSH values ≤ 3 mIU/L at study initiation. Within the pregnant group 59, 35, and 26 women
gave samples in the first, second, and third trimesters successively, yielding 120 samples
obtained during pregnancy. The nonpregnant subjects comprised a completely separate
group from the pregnant subjects. Permission to perform this investigation was granted by
the Georgetown University Hospital Institutional Review Board. Written consent was
obtained from all the participants. Volunteers were recruited from the obstetrics and
gynecology and endocrine clinics at Georgetown University Hospital. Information about use
of prenatal vitamins was recorded.

Chemicals, reagents, solutions, and standards
Thyroxine (T4) was purchased from Sigma (St Louis, MO). A stable deuterium-labeled
internal standard, L-thyroxin-d2 (d2-T4) was synthesized for the purpose of these studies by
the Georgetown University Chemistry Department. High performance liquid
chromatography grade methanol was purchased from VWR Scientific (West Chester, PA).
All other chemicals were of analytical grade and were purchased from Sigma. Stock
solutions of T4 and internal standard were prepared separately to obtain a concentration of
10 mg/mL for each using 40% ammonium hydroxide (v/v) in methanol as a solvent. The
analyte stock solutions were diluted with methanol to obtain the spiking solutions. The
solutions were stored at −20°C and could be used for several months. Standards for the T4
calibration curve in the range of 2.5–50 pg/mL were prepared by adding the analytes to
water. A solution of 0.05 ng/mL d2-T4 in methanol was used as an internal standard.

FT4 sample preparation
Samples were thawed at room temperature and 600-µL aliquots were filtered through
Centrifree YM-30 ultrafiltration devices (30,000 MW cutoff, Millipore, Bedford, MA) by
centrifugation employing the Eppendorf temperature-controlled centrifuge (model no. 5702
R, Eppendorf, AG, Hamburg) and using a fixed angle rotor at 2900 rpm at a temperature of
25°C for 1 hour. This ultrafiltration process replaced the dialysis step of the classic
equilibrium dialysis method. One hundred eighty microliters of internal standard (0.05ng/
mL) was added to 360 µL ultrafiltrate and a volume of 400 µL was injected onto the C-18
column of the liquid chromatography tandem mass-spectrometer system (LC/MS/MS).

Kahric-Janicic et al. Page 3

Thyroid. Author manuscript; available in PMC 2013 May 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



LC/MS/MS setup and procedure
An API 4000 tandem mass-spectrometer (SCIEX, Toronto, Canada) equipped with
TurboIonSpray (Applied Biosystems, Foster City, CA) and an Agilent 1100 (Agilent
Technologies, Santa Clara, CA) high performance liquid chromatography system was used
to perform the analysis. Negative ion multiple reaction-monitoring (MRM) mode was used.
The transitions to monitor were selected and were m/z 775.9 → 126.9 for T4 and m/z 777.9
→ 126.9 for d2-T4. Nitrogen served as auxiliary, curtain, and collision gas. Gas flow rates,
source temperature, ion spray voltages, and collision energies were optimized for every
compound by infusion of 1 µg/mL standards solutions in methanol at 20 µL/min and by
flow-injection analysis at the liquid chromatography flow rate. The main working
parameters of the mass spectrometer are summarized in a previous publication (36).

LC/MS/MS procedure is based on an online extraction/cleaning of the injected samples with
subsequent introduction into the mass spectrometer by using a built-in Valco switching
valve. Four hundred microliters of the sample were injected onto the Supelco LC-18-DB
(3.3 cm × 3.0 mm, 3.0-µm particle size) chromatographic column equipped with a Supelco
Discovery C-18 (3.0-mm) guard column (Sigma-Aldrich, St. Louis, MO), where it
underwent cleaning with 20% (v/v) methanol in 5 mM ammonium acetate pH 4.0 at flow
rate of 0.8mL/min. After 4 minutes of cleaning the switching valve was activated, the
column was flushed with a water/methanol gradient at a flow rate of 0.6 mL/min and the
samples were introduced into the mass spectrometer. The gradient parameters and FT4
chromatogram are shown in a recent publication (36). The between-day and within-day
precision was assessed at three different concentrations and yielded CVs ≤ 6.6% and ≤ 7.1%
respectively.

Direct analog FT4, TT4, and equilibrium dialysis measurement
The Dade Dimension RXL was used for both the TT4 and the FT4 direct analog
immunoassay measurements (Dade-Behring Diagnostics, Glasgow, DE). Throughout the
rest of this article direct analog immunoassay is abbreviated to simply immunoassay. Results
on patient samples obtained during pregnancy were compared with values obtained using
tandem mass spectrometry (n = 120). The Nichols FT4 kit (Nichols Institute Diagnostics,
catalog no. 30–0652, San Clemente, CA) was used according to the directions provided by
the manufacturer. This assay measures FT4 directly in the protein-free dialysate. A
comparison between the equilibrium dialysis and the LC/MS/MS method was performed on
a random subset of 51 samples from pregnant patients. There were insufficient sera
remaining to measure FT4 by equilibrium dialysis in the nonpregnant subjects.

Statistical analysis
Descriptive statistics were calculated for each analyte in nonpregnant patients and in
pregnant patients by trimester. Statistically significant changes in analytes for subjects
during their successive trimesters of pregnancy were determined using linear regression
models (p<0.05 was considered significant). At each of the collection points, values for FT4
were obtained via both immunoassay and LC/MS/MS. Additionally some samples were also
assayed for FT4 by equilibrium dialysis. The trends for each analyte (TT4 by LC/MS/MS,
FT4 by LC/MS/MS, FT4 by immunoassay, TSH) were graphed over the weeks of gestation,
with typical nonpregnant clinical laboratory reference ranges shown as dashed lines.
However, for the upper limit of TSH the value of 3.0 mIU/L was used instead. Some
subjects were missing one analyte, so some graphs depict less than the full cohort of 98
pregnant patients. Immunoassay and LC/MS/MS results were compared using
nonparametric correlation coefficients and simple x–y scatter plots. Results are presented for
each trimester separately and for all trimesters together. A scatter plot was also used to
display the comparison between FT4 by LC/MS/MS and equilibrium dialysis. Scatter plots
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utilized the same scale for the x and y axes that portray the two assays being compared.
Thus, the line of perfect agreement between the assays (shown with a dashed line) extends
from the bottom left of the graph to the top right. “Outlier values” were specifically not
excluded from any of the analyses because of the previously documented substantial
disagreement between values obtained by different assays (28–30,33). The relationship
between FT4 and TSH was investigated using log-transformed TSH values.

Results
The demographic characteristics of the pregnant and non-pregnant subjects are shown in
Table 1. All pregnant subjects were taking prenatal vitamins, were not taking other
medications, and had a singleton gestation. Table 2 shows the mean value and standard error
for all analytes in the nonpregnant state and for each of the trimesters of pregnancy. The
mean, median, 10th, 25th, 75th, and 90th percentiles are shown for the FT4 concentrations
measured by both LC/MS/MS and immunoassay in Figure 1. Formal FT4 reference intervals
were not generated due to the small number of study participants, and the absence of data
regarding thyroid autoimmunity.

The relationships between TT4, FT4 by LC/MS/MS, FT4 by immunoassay, and TSH across
the weeks of gestation are shown in Figure 2a, Figure 2b, Figure 2c, and Figure 2d
respectively. TT4 levels increased as gestation progressed from the first to second trimester
(p< 0.001). TT4 increased to approximately 120% of its first trimester value by the end of
the second trimester, and to approximately 122% of its initial value by the end of the third
trimester. FT4 decreased with each successive trimester when measured by LC/MS/MS.
However, when meaen measured by immunoassay, FT4 decreased between the first and
second trimester only (p <0.001). TSH remained statistically unchanged across trimesters.

The correlation between FT4 measured by LC/MS/MS and immunoassay was poor during
each of the three trimesters of pregnancy (see Fig. 3a, Fig. 3b, and Fig. 3c). Correlation
coefficients were 0.265, 0.506, and 0.441 for each successive trimester respectively. Thus,
agreement between these two assays was slightly better during the latter two-thirds of
pregnancy. The correlation between assays was marginally improved for the group of
pregnant patients as a whole with a correlation coefficient of 0.672 (see Fig. 3d), perhaps in
part because of the larger sample size. In contrast, there was excellent agreement between
the LC/MS/MS assay and equilibrium dialysis during pregnancy (see Fig. 3e). The
correlation coefficient was 0.898. In nonpregnant patients the relationship between FT4
measured by LC/MS/MS and immunoassay was also poor (see Fig. 3f). The values for the
LC/MS/MS value were both higher and lower than those obtained by immunoassay during
pregnancy. However, LC/MS/MS readings were generally lower than immunoassay values
in nonpregnant patients, with values for immunoassay mostly falling above the line
presenting “perfect agreement” (see Fig. 3f).

With the numbers of patients in this study no clear relationship could be shown between FT4
and log-transformed serum TSH in pregnancy (see Fig. 4a). However, despite the small
number of patients there appeared to be an inverse relationship between the two parameters
in the nonpregnant state (see Fig. 4b).

Figure 5 shows both the difference between the immunoassay and LC/MS/MS assays and
the difference between the equilibrium dialysis and LC/MS/MS assays across the weeks of
pregnancy. The disagreement between the immunoassay and LC/MS/MS was generally
greater during the first trimester. However, the good agreement between equilibrium dialysis
and LC/MS/MS persisted across the successive trimesters of pregnancy.
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Discussion
In agreement with many other studies, we observed that TT4 increased as pregnancy
progressed. TT4 levels during pregnancy have been well studied both in countries with
iodine sufficiency and iodine insufficiency and their values generally plateau during the
second and third trimester at about 150% of their prepregnancy values (3,4,6,7,10,11,37–
39). The magnitude of the increase in this study was similar to that reported in previous
studies. The nonpregnant and pregnant groups, however, were comprised of different
individuals. Nevertheless, peak TT4 levels during pregnancy were still 150% of
nonpregnancy levels.

Also, in agreement with other studies, we found that FT4 levels decreased as pregnancy
progressed, while still remaining within the normal nonpregnant reference intervals for the
commonly used clinical laboratories. The largest decline in FT4 concentration occurred as
subjects progressed from the first to the second trimester. FT4 then did not change with
progression into the third trimester when measured by immunoassay. However, regression
models used to determine if FT4 differed by subject across trimester showed a further small
decline in FT4 when this analyte was measured by LC/MS/MS.

However, in contrast to other studies, this study did not demonstrate a decreased serum TSH
during the first trimester of pregnancy, or increasing TSH levels during the trimesters
thereafter. Instead, we observed that TSH levels were relatively constant across pregnancy.
We could find no obvious explanation for this unusual pattern. Certainly our sample size is
relatively small. Our pregnant patient group was 31% African American. National Health
and Nutrition Examination Survey (NHANES) III data suggested that African American
females have lower serum TSH values than their white counterparts (14). Different
references intervals for TSH levels have been suggested for different ethnic groups
(13,15,16). However, our patient demographics would not be expected to mask the usual
first trimester decline in serum TSH. It is possible, though not probable, that the first
trimester blood draws were timed so that the usual TSH nadir was not captured. Blood
draws were not scheduled at a specific time of day, so the known circadian rhythm in serum
TSH could have affected our results (40,41). It is admittedly a weakness of our study that we
did not check thyroid antibodies in our participants and also did not assess iodine status. All
pregnant patients were supplemented with prenatal multivitamins, but information regarding
the iodine content of the supplement was not collected.

With respect to measurements of FT4, the concentrations determined by LC/MS/MS do not
agree with those determined by immunoassay. The disagreement is particularly marked
during the first trimester of pregnancy. The concentrations were more in agreement in the
third trimester and there was a little further improvement in the agreement in the second
trimester. During pregnancy it appeared that the LC/MS/MS assay resulted in FT4
determinations that were both higher and lower than the immunoassay determinations. Thus,
data points fell on both sides of the line depicting perfect agreement between the two assays
(see Fig. 3a–3d). In contrast, a different pattern was seen in the non-pregnant patients, in
whom LC/MS/MS determinations of FT4 concentrations were mostly lower than those
resulting from immunoassay measurements (see Fig. 3f). It would thus seem that
immunoassay-associated errors are different in the pregnant and nonpregnant state. During
pregnancy both underreporting and overreporting of FT4 concentrations can occur, possibly
due to a combination of protein binding-associated errors and heterophilic antibody–
associated errors. It would be interesting to determine how these or other factors combine to
produce the greatest disagreement between assays in the first trimester. In the nonpregnant
patients, errors appeared to mostly be overreporting by immunoassay, possibly reflecting the
greater specificity of LC/MS/MS technology.
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When the discrepancy between LC/MS/MS and the other assays was visualized by plotting
the difference between the two assays across the weeks of gestation (see Fig. 5), the greater
disagreement between LC/MS/MS and immunoassay, with most disagreement occurring
during the first trimester can be clearly appreciated. When LC/MS/MS per-MS performance
was compared to that of the current gold standard equilibrium dialysis, there was excellent
agreement seen in the pregnant patients. Not only was the disagreement between LC/MS/
MS and equilibrium dialysis of a lesser magnitude, but also it was more constant across
weeks of gestation. Thus, results obtained by LC/MS/MS measurement of FT4 appear to be
equivalent to those obtained by equilibrium dialysis. We hypothesize that this closer
agreement is achieved because LC/MS/MS methodology circumvents problems associated
with protein binding and heterophilic antibodies. Presuming that equilibrium dialysis is an
accurate assay for FT4, LC/MS/MS has a comparable accuracy based on its agreement with
equilibrium dialysis.

The total time required for FT4 analysis in the method reported here was approximately 1.2
hours, which included a 1-hour centrifugation to obtain the ultrafiltrate. However, the
second-generation method for FT4, which is currently in use in our bioanalytical laboratory,
utilizes the more sensitive API-5000 tandem mass spectrometer. This requires only 150 µL
of ultrafiltrate, which reduces the centrifugation time to 20 minutes, thus shortening the
analysis time considerably. Thirty samples can be batched for simultaneous centrifugation.
Measurement of FT4 by LC/MS/MS is, thus, less time consuming than measurement by
equilibrium dialysis, and is comparable to the 15–30 minutes needed to perform an
immunoassay. In addition to being much faster than equilibrium dialysis, LC/MS/MS is also
less expensive once initial equipment costs have been covered. Mayo Clinic charges for
measurement of FT4 by equilibrium dialysis are greater than $200, whereas Children’s
National Medical Center charges $180 for the LC/MS/MS assay. Equipment costs of
approximately $500,000 are paid off with approximately 3,500 assays. Furthermore, assays
can be rapidly performed and a large volume of samples can be processed, resulting in an
assay with high throughput. Measurement of FT4 and free tri-iodothymorine by LC/MS/MS
is currently in routine clinical use at Children’s National Medical Center in Washington,
D.C. It will be introduced shortly at Boston Children’s Medical Center. Tandem mass
spectrometers are readily available in the market place and are already in use by many
commercial laboratories for measuring analytes such as testosterone and 25-hydroxyvitamin
D.

We believe that LC/MS/MS techniques will prove to be valuable in all clinical situations,
but will be particularly invaluable in pregnancy, renal failure, autoimmune disease, and
other specific disease states characterized by changes in protein binding or the presence of
heterophilic antibodies. This assay is ideally suited for generating reliable, reproducible
trimester-specific reference intervals for FT4. We concur with the proposals to document
trimester-specific reference intervals for thyroid analytes based on large groups of women
without evidence of thyroid disease (2,3,8,31,42). Furthermore, we propose that LC/MS/MS
should be used for this purpose.

In conclusion, our data demonstrate the excellent agreement of LC/MS/MS with the gold
standard equilibrium dialysis assay, but poor correlation with the notoriously inaccurate
immunoassay. We believe that LC/MS/MS is the assay of choice for all clinical situations,
because its superior performance provides more relevant FT4 values for use in clinical
decision-making. Our current assay is eminently practical for clinical use because of its high
throughput, ability to handle a large number of samples, and requirement for small sample
size. LC/MS/MS has, in fact, already been shown to have better specificity for measurement
of steroids (43) and vitamin D (44) and is at present the assay used by several commercial
laboratories for measuring these analytes.
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FIG. 1.
Box plot representation of the descriptive statistics for free thyroxine (FT4); measured by
isotope dilution liquid chromatography tandem mass spectrometry (LC/MS/MS) (the square
depicts the mean, the line shows the median, the top and bottom of the box represent the
75% and 25% percentile respectively, and the whiskers show the 90th and 10th percentile).
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FIG. 2a.
Total thyroxine (TT4) by isotope dilution liquid chromatography tandem mass spectrometry
(LC/MS/MS) (ng/dL) across gestational weeks of pregnancy (n ≤ 98).
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FIG. 2b.
Free thyroxine (FT4) by isotope dilution liquid chromatography tandem mass spectrometry
(LC/MS/MS) (ng/dL) across gestational weeks of pregnancy (n ≤ 98).

Kahric-Janicic et al. Page 13

Thyroid. Author manuscript; available in PMC 2013 May 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 2c.
Free thyroxine (FT4) by immunoassay (IA) (ng/dL) across gestational weeks of pregnancy
(n ≤ 98).
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FIG. 2d.
Thyrotropin (TSH) (mUI/L) across gestational weeks of pregnancy (n ≤ 98).
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FIG. 3a.
Correlation between free thyroxine (FT4) measured by immunoassay (IA) and isotope
dilution liquid chromatography tandem mass spectrometry (LC/MS/MS)during the first
trimester of pregnancy (dashed line represents “perfect agreement”) (n ≤ 59).
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FIG. 3b.
Correlation between free thyroxine (FT4) measured by immunoassay (IA) and isotope
dilution liquid chromatography tandem mass spectrometry (LC/MS/MS) during the second
trimester of pregnancy (dashed line represents “perfect agreement”) (n ≤ 35).
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FIG. 3c.
Correlation between free thyroxine (FT4) measured by immunoassay (IA) and isotope
dilution liquid chromatography tandem mass spectrometry (LC/MS/MS)during the third
trimester of pregnancy (dashed line represents “perfect agreement”) (n ≤ 26).
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FIG. 3d.
Correlation between free thyroxine (FT4) measured by isotope dilution liquid
chromatography tandem mass spectrometry (LC/MS/MS) and immunoassay (IA) during all
trimesters of pregnancy (dashed line represents “perfect agreement”) (n ≤ 98).

Kahric-Janicic et al. Page 19

Thyroid. Author manuscript; available in PMC 2013 May 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 3e.
Correlation between free thyroxine (FT4) measured by isotope dilution liquid
chromatography tandem mass spectrometry (LC/MS/MS) and equilibrium dialysis (ED)
during all trimesters of pregnancy (dashed line represents “perfect agreement”) (n = 51).
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FIG. 3f.
Correlation between free thyroxine (FT4) measured by isotope dilution liquid
chromatography tandem mass spectrometry(LC/MS/MS)and immunoassay (IA) in
nonpregnant patients (dashed line represents “perfect agreement”) (n = 28).
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FIG. 4a.
Relationship between free thyroxine (FT4) by isotope dilution liquid chromatography
tandem mass spectrometry (LC/MS/MS) and log-transformed thyrotropin (TSH) values
during pregnancy (n ≤ 98).
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FIG. 4b.
Relationship between free thyroxine (FT4) by isotope dilution liquid chromatography
tandem mass spectrometry (LC/MS/MS) and log-transformed thyrotropin (TSH) values in
nonpregnant patients (n = 28).
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FIG. 5.
Difference between mass spectrometry (LC/MS/MS) and immunoassay (IA) values and
between LC/MS/MS and equilibrium dialysis (ED) values across gestational weeks of
pregnancy (open squares show the difference between isotope dilution liquid
chromatography tandem mass spectrometry (LC/MS/MS) and IA; filled circles show the
difference between LC/MS/MS and ED; dashed lines encompass all LC/MS/MS and ED
differences except one outlier value).
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Table 1

The Demographic Characteristics of Study Subjects

Characteristics Pregnant Nonpregnant

Number 98 29

Mean age (years) 33 37

Ethnic group/race

Caucasian (%) 56 75

African American (%) 31 11

Hispanic (%) 2 0

Asian (%) 11 14

Average weeks gestation

1st trimester 8.7

2nd trimester 17.8 Not applicable

3rd trimester 28.7
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Table 2

Mean Values for all Analytes in Pregnant and NonPregnant Subjects*

Nonpregnant

Pregnant

1st trimester 2nd trimester 3rd trimester

Number of subjects 29 59 35 26

TT4 LC/MS/MS (µg/dL) 7.12 ± 0.79 8.88 ± 2.67 10.67 ± 1.94a 10.76 ± 2.00a

FT4 LC/MS/MS (ng/dL) 0.93 ± 0.25 1.13 ± 0.23 0.92 ± 0.30a 0.86 ± 0.21ab

FT4 IA ng/dL 1.10 ± 0.25 1.05 ± 0.22 0.88 ± 0.17a 0.89 ± 0.17a

TSH (MU/L) 1.73 ± 1.13 1.13 ± 0.69 1.13 ± 0.54c 1.04 ± 0.61d

*
Values reported are mean ± standard error.

a
Significantly different from first trimester (p < 0.001).

b
Significantly different from second trimester (p < 0.001).

c
Not significantly different from first trimester.

d
Not significantly different from second trimester.

FT4, free thyroxine; IA, immunoassay; LC/MS/MS, isotope dilution liquid chromatography tandem mass spectrometry; TSH, thyrotropin; TT4,

total thyroxine.
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