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SUMMARY
Background
Despite progress to control iodine deficiency disorders (IDD) through salt iodization, many
high-income and low-income countries remain mildly iodine-deficient. The recommended
iodine exposure biomarker in populations is the urinary iodine concentration (UIC). A
promising functional biomarker is serum or dried blood spot (DBS) thyroglobulin (Tg). Tg is a
thyroid-specific protein and a storage and synthesis site for thyroid hormones. Tg is a more
sensitive functional biomarker of iodine nutrition compared with thyroid-stimulating
hormone (TSH) or thyroid hormones, and reflects subtle changes in iodine nutrition over a
period of weeks to months. Serum and DBS-Tg concentrations are elevated both during
iodine deficiency (ID) and iodine excess. The World Health Organization (WHO) recommends
DBS-Tg for monitoring iodine status in school-aged children. DBS-Tg correlates well with UIC
and thyroid size, and can be used in conjunction with these indicators in monitoring iodine
status in populations.
The iodine requirement during pregnancy is increased due to: 1) an increase in maternal
thyroxine (T4) production to maintain maternal euthyroidism and transfer thyroid hormone
to the fetus early in the first trimester, before the fetal thyroid is functioning; 2) iodine
transfer to the fetus, particularly in later gestation; and 3) a probable increase in renal iodine
clearance. Therefore, biomarkers of thyroid status during pregnancy would be useful to
assess iodine nutrition, particularly because iodine requirements and UIC reference ranges
during pregnancy remain uncertain. Tg could be a valuable biomarker of iodine nutrition
during pregnancy, but its performance in populations with varying iodine status is still
unclear and no reference ranges are available. Limited data suggest Tg may be modestly
elevated during pregnancy, in both iodine-deficient and iodine-sufficient women, possibly
due to increased thyroid activity to meet increased thyroid hormone requirements. Tg
antibodies (TgAb) can confound individual assessment of Tg in clinical monitoring of thyroid
disorders. However, there are no data on whether co-measurement of TgAb along with Tg is
necessary in studies of pregnant women to define population iodine status.
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It is critical that the increased maternal iodine requirement is met, because ID early in the
human life cycle -the “first 1000 days”- can irreversibly impair brain development, cause
neurocognitive impairment and increase infant mortality. Pregnant and lactating women are
at high risk for ID because their iodine requirements are increased by ≈40% compared to
pre-pregnancy. Infants are also vulnerable because their thyroidal iodine stores are small,
and thyroxine turnover along with iodine requirements per kg body weight are higher than
at any other age. In countries with limited resources and health infrastructure, better
understanding of the impact of ID during this period could improve program delivery and
prioritize interventions.

Research goals
The overall aims of this thesis were to: 1) develop and validate new, low-cost, serum and
DBS ELISA assays to assess Tg concentrations and monitor iodine nutrition status and thyroid
function (Manuscript 1); 2) establish a reference range for DBS-Tg in iodine-sufficient
pregnant women, test the DBS-Tg reference range in pregnant women with a wide range of
iodine intakes and determine if co-measurement of DBS-TgAb along with DBS-Tg is
necessary in population studies of iodine status in pregnant women (Manuscript 2); 3)
compare the prevalence of thyroid hypofunction among women of reproductive age,
pregnant women, lactating women and their young infants in an area of moderate-to-severe
ID (Manuscript 3).

Experiments
In this project, we developed and validated new serum and DBS-Tg assays to assess Tg
concentrations. Then, we conducted a multi-center cross-sectional study to establish and
test DBS-Tg reference range in pregnant women. Finally, we conducted a comparative study
in moderate-to-severe ID women of reproductive age, pregnant women, lactating women
and infants in order to assess the prevalence of thyroid hypofunction.
Development and validation of new serum and DBS-Tg assays (Manuscript 1)
Serum and DBS samples were measured from healthy pregnant women (n=424) with the
new assays, as well as the Immulite 2000 (Siemens), including TgAb positive (n=150) and
TgAb negative (n=274) women. DBS-Tg stability was tested over 15 weeks of storage
iv
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at -20°C. Within-subject variability was evaluated over four weeks in four healthy adults.
Intra-assay and inter-assay variability was 4.4-7.3% and 10.1-12.9% for the new serum Tg
assay, and 7.6-12.3% and 7.6-16.5% for the DBS-Tg assay. Correlation between the two
serum methods was high (r=0.68, p<0.01). Assay performance in all women and those TgAb
negative was comparable. Correlation between the new serum Tg assay and the DBS-Tg
assay was high (r=0.78, p<0.01), and agreement expressed as a function of the average Tg
concentration for the two methods (X) was 0.59X-4.59 μg/L. DBS-Tg was stable for 15 weeks
stored at -20°C. Within-subject variability in DBS-Tg was 21.1%.
DBS-Tg reference range in pregnant women (Manuscript 2)
We conducted a cross-sectional study in pregnant women in 11 countries (n=3870) with
varying ethnicity and iodine intakes ranging from deficient to more-than-adequate. To define
the DBS-Tg reference range we included euthyroid, TgAb negative women (n=599) from 3
countries with sufficient iodine intakes. In the reference population, median DBS-Tg (95% CI)
was 9.2 (8.7-9.8) μg/L and was not significantly different between trimesters; the reference
range was 0.3-43.5 μg/L. Over a range from severe deficiency to near excess intake, Tg
concentrations showed a U-shaped curve, median Tg values were significantly higher in
iodine-deficient pregnant women than in iodine-sufficient pregnant women (p<0.001) and
the percentage of elevated Tg was significantly higher in populations with iodine-deficient or
more-than-adequate intakes (p<0.05). The overall prevalence of TgAb positivity was 18.5%,
but within countries, median DBS-Tg and the presence of elevated DBS-Tg did not
significantly differ between all women and those who were TgAb negative.
Comparative study to assess the effects of moderate-to-severe ID on thyroid function
(Manuscript 3)
We conducted a cross-sectional survey in Morocco, where we measured spot UIC, TSH and
total or free T4 in the women of reproductive age (n=156), pregnant women (n=245),
lactating women (n=239), and infants (n=239). Women of reproductive age, pregnant
women and lactating women had median (IQR) UICs of 40.8 (29.4-63.4), 31.5 (16.7-57.6) and
35.2 (19.3-62) μg/L, and the prevalence of hypothyroidism and hypothyroxinemia was low:
only 1.9%, 0% and 0.4%, and 14.1%, 10.6% and 12.1%, respectively. Among infants median
UIC was 73 (27.5-157) μg/L (p<0.001 vs. all other groups), and, in contrast to the women, the
v
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prevalence of hypothyroidism and hypothyroxinemia was high: 2.9% and 39.7% (p<0.001 vs.
all other groups).

Conclusions
This thesis contributes to the deepening of the understanding of Tg changes during
pregnancy under varying iodine status. Our findings suggest that the measurement of DBSTg concentration together with median UIC represents the best functional biomarkers to
evaluate the iodine status and iodine intake in pregnant women. Furthermore, this thesis
demonstrates that in area of moderate-to-severe ID the young infants are the most exposed
group at risk of thyroid hypofunction.
Manuscript 1: The new low-cost serum and DBS-Tg assays (~US$1-1.5) perform well over a
wide range of Tg concentrations, and the field-friendly DBS assay may be particularly useful
in population studies of iodine nutrition.
Manuscript 2: In pregnant women, DBS-Tg is a sensitive biomarker of iodine status, and our
data suggest that a DBS-Tg reference range of 0.3-43.5 μg/L and a median DBS-Tg ≈10 μg/L
indicate iodine sufficiency. Concurrent measurement of TgAb does not appear necessary to
assess population iodine status in pregnant women.
Manuscript 3: In an area of moderate-to-severe ID, the prevalence of thyroid hypofunction is
≈4-fold higher in young infants than in pregnant and lactating women. Based on these
findings, we suggest starting supplementation programs in this population with priority
given to increase iodine intakes in young infants.
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Hintergrund
Trotz Fortschritten in der Kontrolle von Jodmangel-Erkrankungen durch die Anreicherung
von Salz mit Jod, bleibt der Jodstatus in vielen Industrie- und Entwicklungsländer
mangelhaft. Der empfohlene Biomarker für die Jodaufnahme von Bevölkerungsgruppen ist
die Jodkonzentration im Urin (UIC). Ein vielversprechender funktioneller Biomarker des
Jodstatus ist Thyreoglobulin (Tg) in Serum oder in getrockneten Blutstropfen. Tg ist ein
Schilddrüsen-spezifisches Protein und dient der Speicherung und Synthese von
Schilddrüsenhormonen. Im Vergleich zum Schilddrüsen-stimulierenden Hormon (TSH) und zu
den Schilddrüsenhormonen ist Tg ein empfindlicherer funktioneller Biomarker und
reflektiert feine Veränderungen des Jodstatus während Wochen oder Monaten. Die TgKonzentration im Serum und in getrockneten Blutstropfen ist sowohl bei Jodmangel als auch
bei übermässigem Jodkonsum erhöht. Die Weltgesundheitsorganisation (WHO) empfiehlt
die Messung von Tg in getrockneten Blutstropfen um den Jodstatus in Schulkindern zu
überwachen. Tg in getrockneten Blutstropfen korreliert gut mit der Jodkonzentration im Urin
sowie der Grösse der Schilddrüse und kann in Verbindung mit diesen Indikatoren genutzt
werden, um den Jodstatus in Bevölkerungsgruppen zu überwachen.
Der Jodbedarf während der Schwangerschaft ist erhöht durch: 1) einen Anstieg der
mütterlichen Thyroxin (T4)-Produktion um die normale Funktion der Schilddrüse aufrecht zu
erhalten und um den Fötus im frühen ersten Trimester bevor die Funktion der Schilddrüse
einsetzt mit Schilddrüsenhormonen zu versorgen; 2) den Transfer von Jod zum Fötus,
speziell gegen Ende der Schwangerschaft; und 3) einen möglichen Anstieg der Ausscheidung
von Jod über den Urin. Weil sowohl der Jodbedarf als auch der Referenzbereich für die JodKonzentration im Urin während der Schwangerschaft fraglich sind wären Biomarker die den
Zustand der Schilddrüse während der Schwangerschaft abbilden nützlich um den Jodstatus
von schwangeren Frauen zu beurteilen. Die Tg-Konzentration könnte daher ein wertvoller
Biomarker des Jodstatus in der Schwangerschaft sein. Allerdings bleibt die Aussagekraft
dieses Markers in Bevölkerungen mit verschiedenem Jodstatus unklar und es gibt keine
Referenzbereiche. Vorhandene Daten deuten an, dass Tg in der Schwangerschaft, in Frauen
mit Jodmangel und guter Jodversorgung, eventuell leicht erhöht ist, vielleicht durch einen
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Anstieg der Aktivität der Schilddrüse um den gesteigerten Bedarf an Schilddrüsenhormonen
zu decken. Tg-Antikörper (TgAb) können die individuelle Beurteilung von Tg in der klinischen
Überwachung von Schilddrüsenerkrankungen beeinflussen. Nichtsdestotrotz gibt es keine
Daten darüber, ob die simultane Messung von Tg und Tg-Antikörpern in schwangeren
Frauen notwendig ist, um den Jodstatus in dieser Bevölkerungsgruppe zu bestimmen.
Es ist entscheidend, dass der gesteigerte Jodbedarf Schwangerer gedeckt wird, denn
Jodmangel im frühen Lebenszyklus des Menschen -in den “ersten 1000 Tagen”- kann die
Entwicklung des Gehirns irreversibel schädigen, neurokognitive Beeinträchtigungen
verursachen und die Säuglingssterblichkeit erhöhen. Schwangere und stillende Frauen haben
ein hohes Risiko für Jodmangel, da ihr Bedarf um ≈40% höher ist als vor der
Schwangerschaft. Säuglinge sind auch gefährdet, weil ihr Jodvorrat in der Schilddrüse klein
ist, und der Umsatz von T4 und der Jodbedarf pro Kg Körpergewicht höher ist als in jedem
anderen Alter. In Ländern mit limitierten wirtschaftlichen Möglichkeiten und limitierter
Gesundheitsversorgung könnte das bessere Verständnis der Konsequenzen von Jodmangel
im Säuglingsalter helfen, Massnahmen gegen Jodmangel zu liefern und diese zu priorisieren.

Forschungsziele
Die Ziele dieser Dissertation waren: 1) ein neues, kostengünstiges, antikörperbasiertes
Verfahren (ELISA) zur Messung von Tg-Konzentrationen in Serum und in getrockneten
Blutstropfen zu entwickeln und zu validieren um damit den Jodstatus und die Funktionalität
der Schilddrüse zu überwachen (Manuskript 1); 2) einen Referenzbereich für Tg in
getrockneten Blutstropfen in schwangeren Frauen mit guter Jodversorgung festzulegen,
diesen in Schwangeren mit unterschiedlichem Jodstatus zu testen, und herauszufinden, ob
die simultane Messung von Tg und Tg-Antikörpern in getrockneten Blutstropfen notwendig
ist, um die Jodaufnahme schwangerer Frauen zu bestimmen (Manuskript 2); 3) die
Häufigkeit von Schilddrüsenunterfunktion in Frauen im gebärfähigen Alter, Schwangeren
und Stillenden und deren Säuglingen in einem Gebiet mit mässig bis schlimmem Jodmangel
zu vergleichen (Manuskript 3).

Versuche
Im Rahmen dieses Projekts entwickelten und validierten wir ein neues Verfahren, um die
Konzentration von Tg in Serum und in getrockneten Blutstropfen zu messen. Dann führten
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wir eine multizentrische Querschnittstudie durch um einen Referenzbereich für TgKonzentrationen in getrockneten Blutstropfen in Schwangeren festzulegen und zu
überprüfen. Schlussendlich führten wir noch eine Vergleichsstudie in Frauen im
gebärfähigen Alter, Schwangeren und Stillenden und deren Säuglingen mit mässigem bis
schlimmem Jodmangel durch, um die Häufigkeit von Schilddrüsenunterfunktion zu
bestimmen.
Entwicklung und Validierung neuer Verfahren um die Konzentration von Tg in Serum und
getrockneten Blutstropfen zu messen (Manuskript 1)
Getrocknete Blutstropfen und Serum-Proben gesunder schwangerer Frauen (n=424),
darunter Tg-Antikörper-positive (n=150) und -negative (n=274), wurden mit dem neuen
Verfahren und mit Immulite 2000 (Siemens) gemessen. Die Stabilität von Tg in getrockneten
Blutstropfen wurde über 15 Wochen bei einer Lagerung bei -20°C getestet. Die Variabilität
innerhalb eines Individuums wurde während vier Wochen in vier gesunden Erwachsenen
bestimmt. Die Interassay- und Intraassay-Variation war 4.4-7.3% und 10.1-12.9% für das
neue Verfahren mit Serum-Tg und 7.6-12.3% und 7.6-16.5% für das neue Verfahren mit Tg in
getrockneten Blutstropfen. Die Korrelation zwischen dem neuen Serum-Tg Verfahren und
Immulite 2000 war hoch (r=0.68, p<0.01). Die Resultate aller Frauen waren vergleichbar mit
den Tg-Antikörper Negativen. Die Korrelation zwischen dem neuen Serum-Tg Verfahren und
dem Verfahren für Tg in getrockneten Blutstropfen war ebenfalls hoch (r=0.78, p<0.01), und
die Übereinstimmung, ausgedrückt als Funktion der durchschnittlichen Tg-Konzentration
beider Methoden (X) war 0.59X-4.59 μg/L. Tg in getrockneten Blutstropfen war für 15
Wochen bei -20°C stabil. Die intra-individuelle Variabilität war 21.1%.
Referenzbereich für Tg in getrockneten Blutstropfen schwangerer Frauen (Manuskript 2)
Wir führten eine Querschnittsstudie in schwangeren Frauen in 11 Ländern (n=3870)
unterschiedlicher Volkszugehörigkeit und mit Jodaufnahmen von mangelhaft bis mehr als
ausreichend durch. Um den Referenzbereich für Tg in getrockneten Blutstropfen
festzulegen, wurden Tg-Antikörper-negative schwangere Frauen mit normaler Schilddrüsenfunktion (n=599) aus drei Ländern mit guter Jodversorgung berücksichtigt. In dieser
Referenzbevölkerung war der Median (95% KI) der Tg-Konzentration in getrockneten
Blutstropfen 9.2 (8.7-9.8) µg/L und variierte zwischen den Trimestern nicht wesentlich; der
Referenzbereich war 0.3-43.5 μg/L. In einem Bereich von schwerem Jodmangel bis zu
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beinahe übermässiger Jodaufnahme folgten die Tg-Konzentrationen einer U-förmigen Kurve.
Der Median in Schwangeren mit Jodmangel war signifikant höher als in jenen mit adäquater
Jodversorgung (p<0.001) und der Anteil erhöhter Tg-Werte war bedeutend höher in
Bevölkerungsgruppen mit Jodmangel oder übermässiger Jodzufuhr (p<0.05). Insgesamt war
das Vorkommen von Tg-Antikörpern 18.5%, dennoch waren innerhalb der Länder die
Mediane der Tg-Konzentration in getrockneten Blutstropfen und die Anzahl erhöhter Werte
aller Frauen nicht signifikant unterschiedlich von denen der Tg-Antikörper negativen Frauen.
Vergleichsstudie um die Auswirkungen mittleren bis schweren Jodmangels auf die
Funktionalität der Schilddrüse zu untersuchen (Manuskript 3)
Wir führten eine Querschnittsstudie in Marokko durch und untersuchten die
Jodkonzentration (UIC) in Spot-Urinproben und die Menge an TSH und totalem oder freiem
T4 in Frauen im gebärfähigen Alter (n=156), Schwangeren (n=245), Stillenden (n=239) und
deren Säuglingen (n=239). Die Jodkonzentrationen im Urin der Frauen im gebärfähigen Alter,
der Schwangeren und der Stillenden hatten Mediane (Interquartilsabstand) von 40.8 (29.463.4), 31.5 (16.7-57.6) und 35.2 (19.3-62) μg/L. Das Vorkommen von Schilddrüsenunterfunktion und Hypothyroxinämie war gering: nur 1.9%, 0% und 0.4%, respektive 14.1%,
10.6% und 12.1%. Der Median der Jodkonzentration im Urin der Säuglinge war 73 (27.5-157)
μg/L (p<0.001 vs. alle anderen Gruppen) und verglichen mit den Frauen war das Vorkommen
von Schilddrüsenunterfunktion und Hypothyroxinämie hoch: 2.9% und 39.7% (p<0.001 vs.
alle andern Gruppen).

Schlussfolgerungen
Diese Doktorarbeit führt zur Vertiefung des Verständnisses der Veränderungen der TgKonzentration während der Schwangerschaft bei verschiedenem Jodstatus. Unsere
Ergebnisse legen nahe, dass die Tg-Konzentration in getrockneten Blutstropfen zusammen
mit dem Median der Jodkonzentration im Urin die besten funktionellen Biomarker sind um
den Jodstatus und die Jodaufnahme in Schwangeren zu beurteilen. Zusätzlich zeigt diese
Dissertation, dass, in Gebieten mit mittlerem bis schwerem Jodmangel, Neugeborene das
höchste Risiko einer Schilddrüsenunterfunktion tragen.
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Manuskript 1: Die neu entwickelten, preisgünstigen (~US$1-1.5) Verfahren um Tg in Serum
und getrockneten Blutstropfen zu messen, liefern über eine grosse Breite an TgKonzentrationen gute Resultate. Vor allem das Feldversuch-freundliche Verfahren für die
getrockneten Blutstropfen könnte in Bevölkerungsstudien über Jodernährung nützlich sein.
Manuskript 2: Tg in getrockneten Blutstropfen ist ein sensitiver Biomarker des Jodstatus von
Schwangeren. Unsere Resultate deuten darauf hin, dass ein Tg-Wert innerhalb des
Referenzbereiches von 0.3-43.5 μg/L und eine mediane Tg-Konzentration von ≈10 μg/L auf
ausreichende Jodversorgung hinweisen. Eine gleichzeitige Bestimmung von Tg-Antikörpern
scheint nicht notwendig zu sein um die Jodaufnahme schwangerer Frauen zu ermitteln.
Manuskript 3: In einem Gebiet mit mittlerem bis schwerem Jodmangel ist das Vorkommen
von Schilddrüsenunterfunktion in Neugeborenen ≈4-fach höher als in Schwangeren und
Stillenden. Basierend auf diesen Resultaten schlagen wir vor, Supplementierungsprogramme
in dieser Gruppe zu beginnen um die Jodaufnahme zu erhöhen.
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Premessa
Nonostante i progressi compiuti per controllare i disturbi derivanti da iodocarenza attraverso
l’arricchimento del sale con lo iodio, molti Paesi con alto o basso reddito rimangono
moderatamente carenti in iodio. Il biomarker (indicatore biologico) di esposizione consigliato
per la determinazione dello stato di iodio nelle popolazioni è la concentrazione di iodio nelle
urine (UIC). La tireoglobulina (Tg) misurata nel siero o in una goccia di sangue essiccata su
filtri di carta (DBS, dried blood spot) potrebbe essere un promettente biomarker funzionale.
Tg è una proteina specifica della tiroide ed è anche un sito di stoccaggio e di sintesi per gli
ormoni tiroidei. Tg è un biomarker funzionale più sensibile per determinare l’apporto
nutrizionale di iodio rispetto all'ormone tireostimolante (TSH) o agli ormoni tiroidei, poiché
riflette anche minimi cambiamenti nella nutrizione di iodio per un periodo di settimane o
mesi. Le concentrazioni di Tg nel siero e nella DBS-Tg sono elevate sia in condizioni di
deficienza sia di eccesso di iodio. L'Organizzazione Mondiale della Sanità (OMS) raccomanda
l’uso della DBS-Tg per il monitoraggio dello stato nutrizionale di iodio nei bambini in età
scolastica. Si osserva una buona correlazione sia tra DBS-Tg e UIC sia tra DBS-Tg e le
dimensioni della tiroide, tanto da suggerire che la DBS-Tg può essere utilizzata in
combinazione con questi indicatori per monitorare lo stato di iodio nelle popolazioni.
Il fabbisogno di iodio durante la gravidanza è aumentato a causa: 1) di un aumento della
produzione di tiroxina materna (T4) per mantenere la condizione di eutiroidismo materno e
trasferire gli ormoni tiroidei al feto nelle prime fasi del primo trimestre, prima che la tiroide
fetale sia funzionante; 2) del trasferimento di iodio al feto, in particolare nell’ultima fase di
gestazione; e 3) di un probabile aumento della clearance renale di iodio. Pertanto, dei
biomarker per misurare lo stato tiroideo durante la gravidanza sarebbero utili per valutare
l’apporto nutrizionale di iodio, in particolare perché i fabbisogni di iodio e gli intervalli di
riferimento delle UIC durante la gravidanza rimangono incerti. Tg potrebbe essere un
prezioso biomarker per valutare lo stato nutrizionale di iodio durante la gravidanza, ma la
sua efficacia nelle popolazioni caratterizzate da ampia variabilità dello stato di iodio non è
ancora sufficientemente determinata ed inoltre non sono ancora disponibili degli intervalli di
riferimento per la Tg. Dagli esigui studi condotti in materia, si potrebbe derivare che la Tg
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può essere moderatamente elevata durante la gravidanza nelle donne incinte sia con
insufficiente sia con sufficiente apporto iodico, probabilmente a causa di un aumento
dell'attività tiroidea per soddisfare l’aumentata richiesta di ormoni tiroidei durante la
gestazione. Nel monitoraggio clinico dei disturbi tiroidei, gli anticorpi della Tg (TgAb)
possono confondere la valutazione individuale della concentrazione della Tg. Tuttavia, non ci
sono dati che indichino che la misurazione simultanea degli anticorpi della Tg (TgAb) con la
Tg stessa sia necessaria nel caso in cui si conducano studi sulle donne incinte per definire lo
stato nutrizionale di iodio della popolazione.
È fondamentale che l'aumentato fabbisogno di iodio materno sia soddisfatto poiché la
iodocarenza nelle prime fasi del ciclo di vita umana -“i primi 1000 giorni”- può
irreversibilmente alterare lo sviluppo del cervello, causare danni neurocognitivi e aumentare
la mortalità infantile. Le donne in gravidanza e quelle che allattano sono ad alto rischio di
carenza di iodio, poiché le loro esigenze di iodio aumentano del ≈40% rispetto ai livelli pregravidanza. I neonati sono anch’essi vulnerabili perché i loro magazzini di iodio nella tiroide
sono limitati, e il turnover di tiroxina unito al fabbisogno di iodio per kg di peso corporeo
sono più elevati che in qualsiasi altra fascia di età. Nei Paesi con risorse e infrastrutture
sanitarie limitate, una migliore comprensione dell'impatto della carenza nutrizionale di iodio
durante questo periodo di vita potrebbe migliorare l’implementazione di programmi
nutrizionali e contribuire ad una migliore attribuzione delle priorità di intervento.

Obiettivo di ricerca
Gli obiettivi generali di questa tesi sono stati i seguenti: 1) sviluppare e validare nuovi e lowcost metodi di analisi ELISA del siero e di una goccia di sangue essiccata su filtri di carta per
misurare le concentrazioni della tireoglobulina (Tg) e monitorare lo stato nutrizionale di
iodio e della funzione tiroidea (Manoscritto 1); 2) stabilire un intervallo di riferimento per la
DBS-Tg nelle donne incinte con sufficiente apporto di iodio, testare il valore di riferimento
della DBS-Tg nelle donne incinte caratterizzate da ampia variabilità di assunzione di iodio e
determinare l’eventuale necessità della misurazione simultanea degli anticorpi della Tg al
fine di individuare lo stato nutrizionale di iodio nella popolazione di donne incinte
(Manoscritto 2); 3) confrontare la preponderanza d’ipofunzione tiroidea in un’area di
moderata-severa iodocarenza tra: le donne in età riproduttiva, le donne incinte, le donne
che allattano e i loro neonati (Manoscritto 3).
xiv
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Esperimenti
In questo progetto di dottorato, abbiamo sviluppato e validato nuovi metodi di analisi per
misurare la concentrazione della Tg sia nel siero sia in una goccia di sangue essiccata su filtri
di carta. In seguito, abbiamo condotto uno studio trasversale multicentrico per stabilire e
testare un intervallo di riferimento per la DBS-Tg nelle donne incinte. Infine, abbiamo
condotto uno studio comparativo tra le donne in età riproduttiva, le donne incinte, le donne
che allattano e i loro neonati, tutti appartenenti ad un’area a moderata-severa deficienza di
iodio allo scopo di misurare la preponderanza dell’ipofunzione tiroidea.
Sviluppo e validazione di nuovi metodi di analisi del siero e della DBS-Tg (Manoscritto 1)
I campioni di siero e di DBS sono stati misurati in donne sane e incinte (n=424) sia con i nuovi
metodi di analisi sia con il metodo Immulite 2000 (Siemens). Abbiamo analizzato donne
incinte positive agli anticorpi della Tg (n=150) e negative agli anticorpi della Tg (n=274). La
stabilità della DBS-Tg è stata valutata in un periodo di conservazione dei campioni di 15
settimane a -20° C. La variabilità della concentrazione di Tg nello stesso soggetto è stata
valutata sull’arco di quattro settimane in quattro adulti sani. La variabilità intra- e interindividuale misurata è risultata rispettivamente del 4.4-7.3% e 10.1-12.9% per il nuovo
metodo nel siero e rispettivamente del 7.6-12.3% e 7.6-16.5% per il metodo basato sul
analisi di una goccia di sangue essiccata su carta. La correlazione ricavata dai due metodi
relativi al siero si è rivelata elevata (r=0.68, p<0.01). L’efficacia del metodo applicato a tutte
le donne incinte e a quelle solo negative agli anticorpi della Tg si è dimostrata simile. La
correlazione tra il nuovo metodo applicato al siero e alla goccia di sangue essiccata è elevata
(r=0.78, p<0.01). La concordanza tra i due metodi, espressa in funzione della concentrazione
media della Tg (X), è risultata 0.59X-4.59 μg/L. La concentrazione della DBS-Tg è rimasta
stabile per un periodo di 15 settimane quando il campione è stato conservato a -20° C. La
variabilità della concentrazione di DBS-Tg nei quattro soggetti è stata del 21.1%.
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Intervallo di riferimento della DBS-Tg nelle donne incinte (Manoscritto 2)
Abbiamo condotto uno studio trasversale sulle donne incinte in 11 Paesi (n=3870) di diversa
etnia e assunzione di iodio che va dalla carenza all’eccesso. Per definire l’intervallo di
riferimento della DBS-Tg abbiamo incluso solo donne incinte eutiroidee, negative agli
anticorpi della Tg (n=599) e residenti in 3 Paesi con sufficiente assunzione di iodio. Nella
popolazione di riferimento, la mediana della DBS-Tg (95% IC) è stata 9.2 (8.7-9.8) μg/L e non
significativamente differente tra i trimestri. L’intervallo di riferimento determinato è stato di
0.3-43.5 μg/L. In uno spettro di assunzione di iodio che spazia dalla carenza all’eccesso, le
concentrazioni di Tg hanno mostrato una curva a forma di U, ove i valori mediani della Tg
sono risultati significativamente più alti nelle donne in gravidanza carenti di iodio rispetto a
quelle con sufficiente assunzione di iodio (p<0.001). La percentuale di valori elevati di Tg è
significativamente più alta sia nelle popolazioni dove l’assunzione di iodio era carente sia
dove era più che adeguata (p<0.05). La prevalenza complessiva di positività agli anticorpi
della Tg è stata del 18.5% ma, all'interno dei singoli Paesi, la mediana DBS-Tg e la presenza di
valori elevati della DBS-Tg non differiva in modo significativo tra tutte le donne esaminate e
solo quelle risultate negative agli anticorpi della Tg.
Studio comparativo per valutare gli effetti di moderata-severa carenza di iodio sulla funzione
tiroidea (Manoscritto 3)
Dallo studio trasversale condotto in Marocco, abbiamo potuto misurare i valori di UIC, TSH e
T4 totale o libera nelle donne in età riproduttiva (n=156), nelle donne incinte (n=245), nelle
donne che allattano (n=239) e nei loro neonati (n=239). La misurazione sulle donne in età
riproduttiva, in gravidanza e quelle che allattano ha prodotto rispettivamente una mediana
UICs (SIQ) di 40.8 (29.4-63.4), 31.5 (16.7-57.6) e 35.2 (19.3-62) μg/L. La prevalenza
d’ipotiroidismo misurata è rispettivamente del 1.9%, 0% e 0.4%, mentre quella di
ipotiroxinemia è rispettivamente del 14.1%, 10.6% e 12.1%. Tra i neonati, la mediana UIC
(SIQ) è risultata 73 (27.5-157) μg/L (p<0.001 vs. tutti gli altri gruppi) mentre, a differenza
delle donne, la prevalenza d’ipotiroidismo e ipotiroxinemia è risultata elevata: 2.9% e 39.7%
(p<0.001 vs. tutti gli altri gruppi).
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Conclusioni
Questa tesi contribuisce all'approfondimento delle conoscenze dei cambiamenti della Tg
durante la gravidanza al variare dello stato di iodio. I nostri risultati suggeriscono che la
misurazione della concentrazione della Tg nelle carte di sangue essiccato unita alla
misurazione della concentrazione di iodio nelle urine rappresentano i migliori biomarker
funzionali per valutare sia lo stato di iodio sia l’assunzione di iodio nelle donne in gravidanza.
Inoltre, i risultati di questa tesi dimostrano che in un’area di moderata-severa iodocarenza i
neonati sono il gruppo più esposto al rischio d’ipofunzione tiroidea.
Manoscritto 1: I nuovi e low-cost (~US$1-1.5) metodi di analisi per misurare la
concentrazione della Tg nel siero e in una goccia di sangue essiccata su filtri di carta si
applicano ad uno spettro più ampio e diversificato di concentrazione della Tg. Il metodo
basato sulla raccolta di una goccia di sangue su carta è giudicato facile da implementare
(field-friendly) e potrebbe essere particolarmente utile negli studi che ambiscono alla
determinazione dello stato nutrizionale dello iodio nelle popolazioni.
Manoscritto 2: Nelle donne incinte, DBS-Tg risulta essere un biomarker sensibile dello stato
di iodio. I nostri dati suggeriscono che un intervallo di riferimento per la DBS-Tg di
0.3-43.5 μg/L e una mediana DBS-Tg ≈10 μg/L indicano sufficienza di iodio. La misurazione
simultanea degli anticorpi della Tg, per valutare lo stato di iodio nella popolazione di donne
incinte, non appare necessaria.
Manoscritto 3: In un'area dove la carenza di iodio è giudicata moderata-severa, la prevalenza
d’ipofunzione tiroidea è ≈4 volte maggiore nei neonati rispetto alle donne incinte e a quelle
che allattano. Sulla base dei risultati ottenuti, consigliamo di iniziare dei programmi di
supplementazione di iodio presso questa popolazione, attribuendo priorità all’aumento di
assunzione di iodio nei neonati.
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INTRODUCTION
Despite remarkable progress to prevent and control iodine deficiency disorders, nearly 2
billion people globally, including 241 million school children, still have insufficient dietary
iodine intakes (Andersson et al., 2012). Physiologic and metabolic changes during pregnancy
increase the maternal iodine requirement compared to pre-pregnancy (Yarrington and
Pearce, 2011). Pregnancy is a vulnerable period of life to iodine deficiency, and iodine
deficiency in utero has potentially irreversible effects on fetal brain development (Glinoer,
1997; Moleti et al., 2012; Yarrington and Pearce, 2011). The assessment of iodine status
during pregnancy is challenging (Zimmermann, 2007). At population level, urinary iodine
concentration (UIC) is the best biomarker to evaluate iodine status, while at individual level,
during pregnancy, thyroid hormones are the biomarkers used to assess an increase in
thyroid activity (Glinoer, 2007). The problem with thyroid function tests is the lack of
international and/or trimester-specific reference ranges. Thyroglobulin (Tg) is considered a
more sensitive indicator and a better functional biomarker of iodine nutrition and thyroid
status compared to other thyroid tests, as it reflects more subtle changes in iodine nutrition
over a period of weeks to months (Vejbjerg et al., 2009). Data from previous studies suggest
that Tg, in conjunction with UIC measurements, could be used as a sensitive indicator of
iodine status in both children and adults (Bilek et al., 2015; Zimmermann et al., 2013).
The main aim of this thesis was to investigate if dried blood spot (DBS)-Tg could be a
sensitive biomarker of iodine status and thyroid function in pregnant women. To achieve this
purpose, specific focus was given to the development and validation of a new, low-cost and
field-friendly DBS-Tg assay and to the establishment of an international reference range and
median cut-off value for DBS-Tg in iodine-sufficient pregnant women.
This thesis is divided in four parts. The first part consists of a literature review summarizing
the present knowledge of iodine nutrition (Chapter 1), iodine nutrition and thyroid function
during pregnancy (Chapter 2), thyroglobulin (Chapter 3), analytical method to assess iodine
status (Chapter 4), and results from development steps toward establishing the new serum
and DBS-Tg assays and the new DBS-TgAb assay (Chapter 5). The second part consists of a
collection of three scientific papers containing the original research results of this thesis.
Specifically, these manuscripts contain the results of the development and validation of
1
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newly and low-cost serum and DBS-Tg assays for assessment and monitoring of iodine
nutrition status and thyroid function (Manuscript 1); the results of a multi-center crosssectional study conducted to establish a reference range for DBS-Tg in iodine-sufficient
pregnant women, to test the DBS-Tg reference range in pregnant women with a wide range
of iodine intakes and to determine if co-measurement of DBS-TgAb along with DBS-Tg is
necessary in population studies of iodine status in pregnant women (Manuscript 2); the
results of the comparison of the prevalence of thyroid hypofunction among women of
reproductive age, pregnant women, lactating women and their young infants in an area of
moderate-to-severe ID (Manuscript 3). The third part consists of a general discussion of the
main findings of this thesis together with suggestions for future research and public health
relevance. Finally, the main conclusions of this thesis are given.
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1.

Iodine nutrition

1.1.

Iodine discovery and the iodine cycle in nature

Iodine was discovered in 1811 by Courtois, then Gay-Lussac identified it as a new element,
and named it iodine (Zimmermann, 2009). In 1895 it was detected in the human body, and
more specifically in the thyroid gland, where it has the role to provide raw material for
hormone synthesis (Baumann, 1896; Dunn and Dunn, 2001).
Iodine is widely but unevenly distributed in the earth’s environment; it is mostly found in the
oceans (Zimmermann, 2009). Three processes have been identified for the entry of iodine in
the human food chain through: 1) the evaporation of iodine from seawater into the air, its
subsequent deposition into soils and in fresh water, and its final incorporation into plants
and animals; 2) the assimilation into microorganism, seaweeds, and fishes; and 3) the
extraction of iodine from natural water sources containing no sediments and higher
concentrations of iodine used for various purposes, e.g. as an additive to comestible salt (Ito
and Hirokawa, 2009).

1.2.

Iodine absorption, metabolism and thyroid function

More than 90% of dietary iodine is absorbed through the stomach and duodenum
(Alexander et al., 1967; Institute of Medicine, 2001). Iodine enters the circulation as
inorganic iodide (I-), which is cleared from the circulation by the thyroid and kidney (WHO
and FAO, 2004). Figure 1 shows the pathway of iodine absorption and metabolism.
Renal iodine clearance is fairly constant and not influenced by iodine intake, while thyroid
clearance varies with iodine intake (Zimmermann, 2009). The active iodine accumulation and
its transfer into the thyroid, at a concentration gradient 20-50 times higher than in plasma, is
mediated by the sodium-iodide symporter (NIS) (Eskandari et al., 1997; Nicola et al., 2009).
See Section 3.3 for more details on the role of iodine after uptake from the NIS.
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Figure 1. Iodine absorption and metabolism. Adapted from Zimmermann (2012b)

Under normal circumstances, plasma iodine has a half-life of ≈10 hours, but this is reduced in
iodine deficiency (DeGroot, 1966; Stanbury et al., 1954; Wayne et al., 1964; Zimmermann,
2009). The biological half-lives of iodine are: 0.25 days in blood, 80 days in the thyroid and
12 days in the rest of the body (ICRP, 1989). The average fraction of iodine supposedly
retained by the thyroid after ingestion is 0.3 (ICRP, 1989; Kramer, 2009). The half-life of
thyroxine (T4) is ≈5 days and the one of triiodothyronine (T3) is 1.5-3 days (Andersson and
Zimmermann, 2010).
When iodine intake is adequate, 90% of ingested iodine is excreted in the urine, the
metabolic balance remains in equilibrium, the thyroid iodine uptake ranges from 10-35% and
the body is able to maintain intrathyroidal iodine stores of approximately 10 to 20 mg
(Delange et al., 1988; Zimmermann, 2009). In iodine sufficiency, the adult’s thyroid traps
about 60-80 μg of iodine per day to produce thyroid hormones and to balance losses
(Glinoer, 2007b).
In contrast, when iodine intake is low, approximately 70 μg/day or less, more than 90% of
ingested iodine is excreted in the urine, the metabolic balance is no longer in equilibrium
and the thyroid iodine uptake increases up to 80%. As consequence, iodide trapping
4
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increases and the intrathyroidal iodine stores are progressively depleted to low amounts
(2-5 mg) in order to ensure thyroid hormone synthesis (Delange et al., 1988; Glinoer, 2007b;
Miot et al., 2015; Zimmermann, 2009). In chronic and severe iodine deficiency (ID), the
iodine content of the thyroid might fall to less than 1 mg (Zimmermann et al., 2008). If this
situation persists over time, the metabolic balance of iodine become negative (Glinoer,
2007b).

1.3.

Recommended daily iodine intake

Dietary iodine requirements are designed to meet life stage specific physiological needs in
order to avoid iodine deficiency disorders (IDDs). Table 1 shows the requirements for
infants, children, adults, pregnant or lactating women.
Table 1. Recommendations for iodine intake (μg/day) by life stage group. Values taken from Institute of
Medicine (2001) and WHO et al. (2007)
Life stage group

IOM
EAR

Infants 0-12 month

Life stage group
AI or RDA

WHO
RNI

110-130

Children 1-8 years

65

90

Children 0-5 years

90

Children 9-13 years

73

120

Children 6-12 years

120

Adults ≥ 14 years

95

150

Adults ≥ 12 years

150

Pregnant women

160

220

Pregnant women

250

Lactating women

200

290

Lactating women

250

AI, adequate intake; EAR, estimated average requirement; RDA, recommended dietary allowance; RNI,
recommended nutrient intake

The U.S. Institute of Medicine (IOM) sets the recommended dietary allowance (RDA) for
pregnant women at 220 μg/day (Institute of Medicine, 2001), while the World Health
Organization (WHO) sets the recommended nutrient intake (RNI) at 250 μg/day (WHO et al.,
2007). The estimated iodine requirements during pregnancy were defined on the basis of
four studies, all looking at the correlation between different amounts of iodine supplement
and changes in thyroid volume (Glinoer et al., 1995; Moleti et al., 2008; Pedersen et al.,
1993; Romano et al., 1991). These findings suggested that a prolonged use of iodine
supplement improves maternal thyroid economy and reduces the risk of maternal thyroid
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insufficiency during gestation, probably because of a nearly restoring of intrathyroidal iodine
stores (Moleti et al., 2008).
The safe upper iodine limit for pregnant women is 40 μg/kg/d (Fisher and Delange, 1998),
while the tolerable upper intake is 1100 μg/day (Institute of Medicine, 2001).

1.4.

Dietary sources

Most of the available foods and beverage on the market have low native iodine content,
providing only 3 to 80 μg iodine per serving (Haldimann et al., 2005; Julshamn et al., 2001;
Pennington et al., 1995). The main source of dietary iodine may vary between countries, but
usually milk, bread, water, eggs, marine fish and marine plants are the food items with
higher iodine content. Iodized salt and dietary supplements are important additional sources
of iodine.

1.5.

Assessment of iodine status

Iodine status is typically assessed in urine and blood samples (Skeaff, 2012). The four
methods generally recommended are: 1) goiter rate; 2) urinary iodine concentration (UIC);
3) serum thyroid-stimulating hormone (TSH); and 4) serum thyroglobulin (Tg). These
indicators are complementary amongst each other, as UIC represents the recent iodine
intake (days), Tg the intermediate response (weeks to months) and the changes in the goiter
rate reflect long-term iodine nutrition (months to years) (Zimmermann, 2008).
1.5.1. Goiter rate and thyroid size/volume
Goiter rate can be assessed through thyroid ultrasonography (which measures the thyroid
volume) or by neck inspection and palpation. The normal thyroid should not be palpable or
visible and the lateral lobes’ volume should not be greater than the terminal phalanx of the
thumbs of the subject being examined (Zimmermann, 2008). Thyroid ultrasound is
noninvasive, quickly performed (2-3 min per subject), and feasible even in remote areas
using portable equipment (Zimmermann, 2008). The total goiter rate prevalence can be used
to define severity of ID in populations using the following criteria: <5% implies iodine
sufficiency; 5-19.9% mild deficiency; 20-29.9% moderate deficiency; and above 30% severe
deficiency (WHO et al., 2007).
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1.5.2. UIC
UIC is an excellent indicator of recent iodine intake because more than 90% of dietary iodine
is excreted in the urine (Zimmermann, 2008). To classify a population’s iodine status, spot
urine specimens are collected from a representative sample of the target group and the
result is expressed as median UIC (in μg/L) (WHO et al., 2007). Considering the large day-today variability in UIC, the collection of several samples for 24h from the same individual are
preferable, though difficult to obtain (Andersen et al., 2008; Zimmermann, 2008).
Table 2 shows the median UIC values used to assess population iodine status in pregnant
women and in school-aged children (SAC). In pregnant women, a median UIC between 150249 μg/L indicates adequate iodine intake and below 150 μg/L insufficient iodine intake.
Table 2. Epidemiological criteria for assessing iodine nutrition in a population based on median and/or range of
UIC. Data taken from WHO et al. (2007)
Median UIC (μg/L)

Iodine intake

Iodine nutrition status

<150

Insufficient

Iodine deficiency

150-249

Adequate

Optimal iodine intake

250-499

Above requirements

--

≥500

Excessive

--

<20

Insufficient

Severe iodine deficiency

20-49

Insufficient

Moderate iodine deficiency

50-99

Insufficient

Mild iodine deficiency

100-199

Adequate

Optimal

200-299

Above requirements

Slight risk of more than adequate intake

≥300

Excessive

Risk of adverse effects

Pregnant women

School-aged children

UIC, urinary iodine concentration

1.5.3. TSH
TSH is determined mainly by the level of circulating thyroid hormone, which in turn reflects
iodine intake (Zimmermann, 2008). Neonatal TSH screening, used to detect congenital
hypothyroidism, can also be used as an indicator of iodine status in late pregnancy, as
transient moderate elevation of TSH may indicate inadequate iodine supply to the fetal
7

LITERATURE REVIEW

thyroid (Zimmermann, 2008). In adults and in pregnant women, TSH is a relatively insensitive
indicator of iodine status, because even if TSH is slightly increased by ID, TSH values often
remain within the normal reference range (Delange and Dunn, 2005; WHO et al., 2007).
1.5.4. Tg
Tg is considered a more sensitive indicator and a better functional biomarker of iodine
nutrition and thyroid status compared to other thyroid tests, including those discussed
above (Vejbjerg et al., 2009). Tg represents the activity or stimulation state of the thyroid
gland (Glinoer, 1997b). Low Tg concentrations indicate a suppression of thyroid activity
and/or a decreased amount of functioning thyroid tissue. Conversely, higher Tg levels
indicate an overstimulation of the thyroid activity and/or an increased amount of thyroid
tissue (Ayling and Jeffery, 2009; Dayan and Panicker, 2009). Tg concentrations increase when
iodine supply to the thyroid is insufficient and return to normal values when the supply
becomes adequate (van den Briel et al., 2001).
Different studies show that Tg is complementary to UIC as it correlates well with thyroid
volume, UIC and thyroid hormones (Knudsen et al., 2001; Missler et al., 1994; van den Briel
et al., 2001; Vejbjerg et al., 2009). Since 2007, Tg is a recommended indicator for monitoring
the iodine status in SAC (WHO et al., 2007). More details about Tg as a functional biomarker
of iodine status are found in the Section 3.6 and Section 3.7.
1.5.5. Thyroid hormone concentration
The thyroid hormone concentrations are poor and insensitive indicators of iodine status
(Zimmermann, 2008). In normal physiological conditions, free thyroxine (fT4) and free
triiodothyronine (fT3) hormone concentrations are stable and reflect the hormone
production by the thyroid gland (Dayan and Panicker, 2009). In contrast, total T4 and total
T3 hormone concentrations vary depending on some physiological conditions (e.g.
pregnancy) and on binding protein levels (albumin, thyroid binding globulin, transthyretin)
(Dayan and Panicker, 2009). Even in conditions of ID, the changes in thyroid hormone
concentrations are frequently within the normal range (Delange and Dunn, 2005; WHO et
al., 2007). See Section 1.6.2 for more details about ID and thyroid hormones.
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1.6.

Iodine metabolism and thyroid function in iodine deficiency

ID has multiple adverse effects on growth and development, collectively known as IDDs,
which are one of the most important and common human diseases (Hetzel, 1983;
Zimmermann et al., 2008). Table 3 shows the common IDDs by age groups. Insufficient
iodine intake, inadequate thyroid function and hormone synthesis are the promoters of
these disorders (Zimmermann et al., 2008). IDD in pregnancy and in the fetus are further
described in the Section 2.6.
Table 3. IDDs by age groups. Adapted from Hetzel (1983), WHO et al. (2007), Zimmermann et al. (2008)
Age groups

Consequences

All ages

Goiter, hypothyroidism

Fetus

Abortion, stillbirth, congenital anomalies, endemic cretinism, increased
mortality

Neonate

Goiter, overt or subclinical hypothyroidism, cretinism, mortality, retarded
cognitive/neurological function, psychomotor defects

Infant/Child/Adolescent

Goiter, overt or subclinical hypothyroidism, mental retardation, delayed physical
development

Adult

Goiter, hypothyroidism, endemic mental retardation, decreased fertility,
spontaneous hyperthyroidism, reduced work productivity

Pregnant women

Goiter, subclinical and overt hypothyroidism, hypothyroxinemia, abortion,
stillbirth, congenital anomalies, preterm delivery, anemia, gestational
hypertension, placental abruption, low birth weight

1.6.1. Increase in iodine uptake
The most important adaptation of the thyroid to an insufficient iodine supply is the increase
in iodine trapping. This happens by reducing the amount of iodine excreted in the urine and
ensuring the accumulation of 100 μg/day iodine in the thyroid (Delange and Dunn, 2005). As
long as the daily iodine intake remains above a threshold of approximately 50 μg/day, the
absolute uptake of iodine by the thyroid continues to be adequate, and the iodine content of
the thyroid stays within the normal limits (≈10-20 mg) (Delange and Dunn, 2005; Wayne et
al., 1964). Below this threshold, the absolute iodine uptake falls and the iodine content of
the thyroid is depleted (2-5 mg) and, as a consequence, the individual may start developing
goiter and IDDs (Delange and Dunn, 2005; Zimmermann et al., 2008).
9
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1.6.2. Changes in thyroid hormone metabolism
The thyroid gland is regulated by TSH and iodide (Panneels et al., 2009). Under sufficient
iodine intake conditions, the hypothalamic-pituitary-thyroid axis regulates thyroid hormone
secretion, and TSH stimulates thyroid hormone synthesis. Through negative feedback,
thyroid hormone inhibits the synthesis and secretion of TSH directly at the pituitary level and
indirectly at the hypothalamic level by reducing the secretion of thyrotropin-releasinghormone (TRH) (Cohen and Wondisford, 2005; Huang and de Castro, 2010).
In mild-to-moderate ID, thyroid function and thyroid hormone synthesis are maintained
through a series of adaptations including: increased clearance of circulating iodine; increased
iodine uptake into the thyroid cell; increased TSH secretion; rapid iodine turnover; reduction
of iodine excreted in the urine; recycling of iodine not used for hormone synthesis;
enhanced production of T3 relative to T4; increased Tg concentration and increased thyroid
mass (Delange and Dunn, 2005). In most individuals, the thyroid gland is able to adapt and
keep thyroid hormone production within the normal range. TSH may be slightly increased,
while T4 and T3 will be normal or slightly low, a pattern consistent with subclinical
hypothyroidism (Chopra et al., 1975; Delange et al., 1971). In conditions of mild-to-moderate
ID, elevated TSH is found only in a small fraction of subjects, typically children and
adolescent (Wayne et al., 1964).
In severe ID, when the thyroid is not able to sustain thyroid hormone production and the
thyroid store is depleted, overt hypothyroidism and brain damage can occur (Eastman and
Zimmermann, 2009). Individuals will show elevated TSH, low T4, unchanged or slightly high
T3, increased thyroid volume and elevated serum Tg due to hyperstimulation of the thyroid
by TSH (Delange and Dunn, 2005; Laurberg et al., 2010; Morreale de Escobar et al., 2004; van
den Briel et al., 2001; Van Herle et al., 1976). Prolonged TSH stimulation and increased TSH
secretion lead to goiter development (Stanbury et al., 1954). A significantly elevated TSH
level in endemic goiter is usually found only in conditions of extreme ID (Delange and Dunn,
2005).
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1.7.

Iodine excess

A large excess of iodine can be harmful to the thyroid because it inhibits the process of
synthesis and release of thyroid hormones (Roti and Vagenakis, 2005). This process is called
Wolff-Chaikoff effect (Wolff et al., 1949). Excessive iodine intake could transitorily inhibit the
activity of thyroid peroxidase (TPO) and Tg organification and proteolysis. As a consequence,
it increases TSH levels and reduces/blocks the synthesis and secretion of thyroid hormones
T3 and T4 (Leung and Braverman, 2014). Figure 2A shows the proposed mechanism for the
acute Wolff-Chaikoff effect and Figure 2B the mechanism by which adaptation to the acute
Wolff-Chaikoff effect occurs (Leung and Braverman, 2014).
A

B

Figure 2. A) During initial iodine exposure, excess iodine is transported into the thyroid gland by the NIS. This
transport results in transient inhibition of TPO and a decrease in the synthesis of thyroid hormone. B) A
decrease in the expression of the NIS results in reduced iodine transport, which enables the synthesis of
thyroid hormone to resume. Taken from Leung and Braverman (2014)

1.8.

Global iodine nutrition

In the past decade the number of countries with insufficient intake decreased from 54 in
2003 to 32 in 2011, and at the same time the number of countries with adequate intake
increased (Andersson et al., 2012). This progress is a result of well-implemented salt
iodization program (more than 71% coverage worldwide) and improved monitoring of iodine
status (Delange et al., 2002; UNICEF, 2011). Despite remarkable progress, nearly 2 billion
people globally, including 241 million school children, still have insufficient dietary iodine
intakes (Andersson et al., 2012). Global estimates on the prevalence of iodine intake in
pregnant women are missing and/or scarce, because only few countries have completed UIC
surveys in these groups on the national or subnational level.
11
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The first and second events begin after few weeks of gestation, are completed by
midgestation and their effects persist until term (Glinoer, 2005). The effects of the second
change are more pronounced near the end of the first trimester, where the rise in hCG
concentrations reach the peak values and there is a partial inhibition of the pituitary-thyroid
feedback mechanism (Glinoer, 1997b; Glinoer, 2001). The third series of events occur
throughout gestation, but are mainly active during its second half (Glinoer, 2001; Glinoer,
2007a).
All these events represent profound metabolic changes that constitute a transition from a
preconception steady-state thyroid gland to a pregnancy steady-state thyroid gland (Glinoer,
2004). Once the new equilibrium is reached, the increased hormonal demands are sustained
until term (Glinoer, 2001; Glinoer, 2007a).

2.2.

Assessment of iodine status in pregnant women

At population level, UIC is the best biomarker to evaluate iodine status. In conditions of
adequate iodine intake, the UIC of pregnant women should range between 150-249 μg/L
(Delange, 2007; WHO et al., 2007). At individual level, during pregnancy, thyroid function
parameters (TSH, T4, thyroid volume and Tg) are the biomarkers used to evaluate the
enhanced thyroid function (Glinoer, 2007a). The problem with thyroid function tests is the
lack of international and/or trimester-specific reference ranges, as they rely on the
methodology (assay) used and on the stage of pregnancy (Fitzpatrick and Russell, 2010;
Lazarus, 2011; Soldin and Soldin, 2009). This difficulty is aggravated by the lack of method
standardization among laboratories. Therefore, the assessment of iodine status during
pregnancy is challenging (Zimmermann, 2007). See Section 2.4 and Section 2.5 for more
detail on these biochemical parameters and their relative change during iodine sufficiency
and ID in pregnancy.

2.3.

Iodine metabolism in pregnancy

The RDA and RNI for pregnant women are 220 μg/day and 250 μg/day, respectively, and are
higher than in non-pregnant women (150 μg/day) (Institute of Medicine, 2001; WHO et al.,
2007). If daily iodine needs cannot be met by diet alone, implementation of an iodine
supplementation program may be considered (Yarrington and Pearce, 2011).
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Iodine requirements during pregnancy are increased due to: 1) an increase in maternal
thyroid hormone production by 50% (from 80 to 120 μg/day) to maintain maternal
euthyroidism and transfer thyroid hormone to the fetus early in the first trimester; 2) iodine
transfer to the fetus, particularly in later gestation; and 3) an increase in renal iodine
clearance and losses due to an increase in glomerular filtration rate by 30-50% (Glinoer,
2004).

2.4.

Thyroid function in iodine-sufficient pregnancy

During pregnancy profound physiological changes occur with consequences on thyroid
hormone synthesis. Between increased hormone requirements and the availability of iodine
there is a balance, which regulates the thyroid function changes (Glinoer, 1997b). Thyroid
hormones are required for normal neuronal migration and myelination of the brain during
fetal and early postnatal life (Bernal, 2005; Zimmermann, 2012a).
Parallel to a rapid and marked increase in serum TBG, there is an increase in total T3 and
total T4 concentrations and a reduction in free T3 and free T4 concentrations. This occurs
within the normal reference range from the first trimester until term (Glinoer, 2005). Total
T4 levels are approximately 1.5 times higher than non-pregnant values, they reach a
stable/constant level within the first few weeks of pregnancy and then remain unchanged
until term (Brent, 1997; De Groot et al., 2012). During pregnancy the T3/T4 molar ratio
remains unaltered (Glinoer, 1997b).
As a consequence of the high stimulatory effect of hCG on the thyroid near the end of the
first trimester, TSH concentration may be reduced below the normal reference range, and
free T4 and free T3 concentrations may be marginally and transiently increased (Glinoer,
1997b; Glinoer, 2005). From the second trimester until term, TSH levels may be moderately
increased and free T4 and free T3 levels decreased, both within the normal range (Glinoer,
2001; Glinoer, 2005).
As shown in Figure 4A, the thyroid function remains unaltered in pregnant women with
sufficient iodine intake and with plenty intrathyroidal iodine stores at the time of conception
(Liberman et al., 1998). As consequence, the decrease in free hormones (≈10% to 15%) and
the slight increase in TSH concentrations remain within the normal reference range (Glinoer,
2001). On the contrary, as shown in Figure 4B, in pregnant women with insufficient iodine
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2.5.

Thyroid function in iodine-deficient pregnancy

The main mechanism by which the thyroid adapts to changes in iodine supply is an increase
of iodide trapping (Glinoer, 2004). When the iodine intake is restricted during pregnancy, the
thyroid gland stimulation is further enhanced, the thyroid iodine uptake is increased up to
Fig. 2 A conceptual model of iodine nutrition and thyroid function

when iodine
adequate
diagram)
or not
80%
andstores
the are
iodine
is (upper
drawn
from
theadequate
intrathyroidal stores in order to sustain the increased
(lower diagram). TSH, thyroid-stimulating hormone; TG, thyroglobulin.

requirements for thyroid hormones production (Glinoer, 2007a). If insufficient iodine intake
arises before and/or during the first half of gestation, the result could be an increase in the
severity of ID with the progression of gestation (Glinoer, 2007a).
The consequences of ID on the thyroid during pregnancy include: decreased excretion of
iodine in the urine (decreased median UIC), reduced maternal T4 levels (hypothyroxinemia),
elevated TSH (hypothyroidism), elevated total T3/T4 molar ratio with preferential T3
secretion, elevated thyroid volume, elevated Tg and ultimately goiter development (Glinoer,
1997a, 2001; Huang and de Castro, 2010; Lazarus, 2011; Weeke et al., 1982). The extent of
T4 decline and TSH increase depends on the severity of ID (Moleti et al., 2012). Tg
concentrations may be increased due to both low iodine intake and to hyperstimulation of
the thyroid by TSH (Laurberg et al., 2007).
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In mild-to-moderate iodine-deficient pregnant women, TSH concentrations are slightly
increased usually within the reference range and in rare cases above the upper limit, while
T3 and T4 do not change significantly and remain within the normal reference range (Chopra
et al., 1975; Delange et al., 1971). In severe iodine-deficient pregnant women, TSH levels are
significantly increased and may rise above the upper limit of reference range, whilst T4 and
T3 are significantly decreased and below the normal reference range (Delange et al., 1971).
The consequences of ID and related thyroid disorders are reported in Table 4.
Table 4. Thyroid disorders in pregnancy and related change in thyroid hormone. Adapted from Moleti et al.
(2012)
Thyroid disorder

Thyroid change

Maternal goiter

Increase in thyroid volume and thyroid size

Maternal hypothyroxinemia

Serum fT4 level below and serum TSH within the reference range

Maternal subclinical hypothyroidism

Serum fT4 level within and serum TSH above the reference range

Maternal overt hypothyroidism

Serum fT4 level below and serum TSH above the reference range

Maternal overt hyperthyroidism

Serum T4 level above and serum TSH below the reference range

Maternal subclinical hyperthyroidism

Serum T4 level within and serum TSH below the reference range

Fetal hypothyroidism

Directly confirmed during gestation by serum fT4 within the range
and TSH above the range. Measurements in blood samples obtained
via cordocentesis
Indirectly suggested by fetal goiter, maternal thyroid insufficiency, or
neonatal thyroid function deficiency

Neonatal goiter, hypothyroxinemia
and hypothyroidism

Directly confirmed by clinical and instrumental evaluation and by
serum fT4 and TSH measurements; suggests previous ID-related fetal
hypothyroidism

The prevalence of thyroid disorders varies according to the methodology (assay) used for the
analysis and to the definition of normal and/or trimester-specific reference ranges.
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2.5.1. Hypothyroidism
Hypothyroidism is characterized by TSH stimulation, lower T3/T4 ratio as well as monoiodotyrosine (MIT) to di-iodotyrosine (DIT) ratio, increased conversion of T4 to T3, as well as
decreased thyroid hormone clearance and turnover (Huang and de Castro, 2010).
The main causes of hypothyroidism in pregnancy are: chronic autoimmune thyroiditis,
thyroidectomy, radioactive iodine therapy, thyroid dysgenesis and both ID and iodine excess
(Teng et al., 2013). The prevalence of subclinical hypothyroidism during pregnancy is 2-5%
(Canaris et al., 2000; Klein et al., 1991; Mandel, 2004; Teng et al., 2013; Woeber, 1997),
while the prevalence of overt hypothyroidism is only 0.3-0.5% (Lazarus, 2011; StagnaroGreen and Pearce, 2012).
The consequences of overt and subclinical hypothyroidism during pregnancy include:
miscarriages, anaemia, pre-eclampsia, placental abruption and post-partum hemorrhage and
adverse neonatal/fetal outcomes such as premature birth, low birth weight, impaired
neuropsychological development (lower intelligent quotient (IQ)) and respiratory distress
(Abalovich et al., 2007; Casey et al., 2005; Haddow et al., 1999; Idris et al., 2005; Lao, 2005;
Lazarus, 2011; Teng et al., 2013).
2.5.2. Hyperthyroidism
Hyperthyroidism is characterized by TSH suppression, higher T3/T4 ratio, higher MIT to DIT
ratio, higher conversion of T4 into T3, and higher plasma turnover of thyroid hormones
(Bianchi et al., 1978).
The causes of hyperthyroidism in pregnancy are Graves’ disease and gestational transient
thyrotoxicosis (Cooper and Laurberg, 2013). The prevalence rate is around 0.1-0.4%, with
Graves’s Disease accounting for 85-95% of all cases (De Groot et al., 2012; Glinoer, 1998).
Overt hyperthyroidism may be associated with miscarriage, placenta abruption, congestive
heart failure, thyroid storm, preterm delivery, pre-eclampsia or increased mortality (Lao,
2005; Lazarus, 2011).
The consequences for the fetus may include stillborn or congenital malformations (Mandel
et al., 2005). Subclinical hyperthyroidism, with an overall prevalence around 1.7%, has not
been found to be associated with adverse maternal or fetal outcomes (Casey and Leveno,
2006; Stagnaro-Green and Pearce, 2012).
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2.5.3. Hypothyroxinemia
Hypothyroxinemia is characterized by TSH within the reference range and fT4 in the lower
5th or 10th percentile of the reference range (Stagnaro-Green et al., 2011).
One possible cause of hypothyroxinemia during pregnancy is ID (Glinoer et al., 1990; Glinoer
et al., 1992). The prevalence of hypothyroxinemia is approximately 1-2% (Casey et al., 2007).
The adverse effects include: reduced child neuro-psycho-intellectual development (lower
IQ), adverse perinatal outcome, reduced motor and intelligence performance in neonates
and children (Auso et al., 2004; Casey et al., 2007; Glinoer, 2003; Haddow et al., 1999;
Kooistra et al., 2006; Lazarus, 2002; Li et al., 2010; Pop et al., 2003).

2.6.

Iodine deficiency in pregnancy

Nowadays, more and more countries are assessing ID in pregnant women. However, there is
still insufficient surveys data allowing a sound estimate of the global prevalence of ID during
pregnancy (Zimmermann, 2012a; Zimmermann et al, 2015). The consequences of ID during
pregnancy affect both mother and fetus and are more pronounced in severe ID (Glinoer,
2001; Glinoer, 2004).
2.6.1. Consequences of severe iodine deficiency in pregnancy
The consequences of severe ID during pregnancy are hypothyroxinemia and hypothyroidism
from early gestation onwards (Glinoer and Delange, 2000; Morreale de Escobar et al., 2004).
Any impairment in hormone and iodine availability during this critical period may affect both
the maternal and fetal outcome. In pregnant women, severe ID may lead to goiter,
spontaneous abortion, prematurity, and stillbirth (WHO et al., 2007). In case of maternal
severe ID, the fetus may be exposed to congenital anomalies, decreased intelligence,
neurological and endemic cretinism (which includes spasticity, deaf mutism, mental
deficiency, and squint), psycho-neuro-intellectual disorders including lower IQ (Glinoer,
1997b; Glinoer, 2007a; Morreale de Escobar et al., 2000; Pharoah et al., 2012; Qian et al.,
2005; WHO et al., 2007).
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2.6.2. Consequences of mild-to-moderate iodine deficiency in pregnancy
The effects of mild-to-moderate ID during pregnancy are less well understood compared to
those of severe ID (Skeaff, 2011; Yarrington and Pearce, 2011). The consequences of mild-tomoderate ID during pregnancy are transient hypothyroidism and hypothyroxinemia, which
may lead to impairment in cognitive function in the offspring (Delange et al., 1988; Glinoer
et al., 1995; Glinoer and Delange, 2000; Kung et al., 1997; Pedersen et al., 1993). In pregnant
women the consequences of mild-to-moderate ID remain uncertain, generally it is thought
that mild-to-moderate ID may lead to the same adverse effects that the ones presented
above for severe ID, but of milder severity. In case of maternal ID, the fetus may be exposed
to developmental abnormalities such as lower psychomotor and mental development (lower
IQ), attention deficit, hyperactivity and language disorders (Aghini Lombardi et al., 1995;
Bath et al., 2013; Fenzi et al., 1990; Haddow et al., 1999; Vermiglio et al., 2004; Vermiglio et
al., 1990; Vitti et al., 1992).

2.7.

Iodine excess in pregnancy

Excess iodine intake has consequences for both maternal and fetal thyroid function. Usually
after few days, the maternal thyroid gland is able to “escape” from the acute Wolff-Chaikoff
effect. The mechanism involves the down-regulation of the NIS on the basolateral
membrane and the modulation of the iodine amount entering the thyroid (Markou et al.,
2001; Yarrington and Pearce, 2011). On the contrary, the fetal thyroid may not be able to
“escape” the Wolff-Chaikoff effect until approximately 36 weeks of gestation (Bartalena et
al., 2001; Yarrington and Pearce, 2011).
2.7.1. Consequences of iodine excess in pregnancy
In both groups (mother and fetus) excess iodine intake may lead to iodine-induced:
hypothyroidism (presumably caused by the failure to escape from iodide inhibition of
thyroid hormone synthesis and secretion), hyperthyroidism (presumably caused by an
increase in iodide substrate for thyroid hormone production), or goiter (in the fetus after
excessive maternal iodine intake) (De Groot et al., 2012; Laurberg et al., 2009; Markou et al.,
2001). The adverse effects of maternal hypothyroidism and hyperthyroidism include
problems in the maternal renal, cardiac and central nervous systems; miscarriage; low birth
weight; birth defects and birth deformities (Anselmo et al., 2004; Sun and Yang, 2009;
Wolfberg and Nagey, 2002).
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3.

Thyroglobulin

To date, no physiological role of Tg outside the thyroid is known (de Vijlder et al., 1999). For
many years, researchers did not look for Tg in the blood, as it was thought that this protein
was confined to the thyroid (Van Herle et al., 1979a). Tg was detected for the first time in
the serum of patients with Hashimoto's thyroiditis (Roitt et al., 1956) and later in the serum
of pregnant women and newborns (Assem, 1964).

3.1.

Definition and function

Tg is the main protein found in the thyroid gland and accounts usually for 75% of the total
protein content of the thyroid (Van Herle et al., 1979b). Tg plays an important role in thyroid
hormonogenesis, as a storage site for thyroid hormones and as an internal reservoir for
recycling iodine (Arvan and Di Jeso, 2005; Bilek and Zamrazil, 2009; van de Graaf et al.,
2001). Tg is an excellent model for studying protein synthesis in general, because it is the
major synthetic product of a specific tissue (thyroid) and has well-defined components and
modulators (Dunn and Dunn, 1999). In clinical medicine, Tg measurements are used as a
diagnostic marker of thyroid disease, such as differentiated thyroid cancer (DTC), subacute
thyroiditis, Graves’ disease and congenital thyroid diseases (de Vijlder et al., 1999; Demers
and Spencer, 2003).
Very high serum Tg levels are commonly found in patients suffering from thyroid cancer,
while moderately elevated serum Tg are found in subjects exposed to a low iodine intake
over a period of weeks (Spencer and Petrovic, 2010; van den Briel et al., 2001; Vejbjerg et al.,
2009). Serum Tg concentration can be influenced by many factors: 1) the mass of thyroid
tissue; 2) the thyroid’s ability to secrete Tg; 3) physical damage or inflammation of the
thyroid gland; 4) the magnitude of TSH stimulation; and 5) the presence of antibodies
against Tg (TgAb) (Spencer et al., 2014; Spencer et al., 1996).

3.2.

Structure

Tg consists of two identical subunits (homodimer), with an approximately molecular weight
of 660 kDa, a sedimentation coefficient of 19S and an isoelectric point at 4.4-4.7 (Venkatesh
and Deshpande, 1999). It is an iodoprotein, which contains 0.1-2% iodine and 8-10% total
carbohydrate with galactose, mannose, fructose, N-acetyl glucosamine, and sialic acid
residues (Venkatesh and Deshpande, 1999). The human Tg gene, of approximately 8.5
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kilobases (kb), is located on the long arm of chromosome 8q24.2-q24.3 and contains over 40
exons and more than 30 kb of genomic DNA (Baas et al., 1985), holding 8307 base pair of
coding sequences (van de Graaf et al., 1997) and encodes 2767 amino acid residues,
representing the 330 kDa Tg monomer (Dunn, 1996; Malthiery and Lissitzky, 1987; Vassart et
al., 1985). The Tg polypeptide chain contains three regions: the N terminal 1196 residues,
with internal homology highlighted by the sequence C-W/Y-C-V-V repeated ten times; a
midportion; and a C-terminal region with considerable homology to acetylcholinesterase
(Vassart et al., 1985).

3.3.

Synthesis and secretion of Tg and thyroid hormones
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involved in Tg and Endocrine
thyroid
hormones
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Jeso and Arvan
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in Thyroidsteps
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Figure 1.

Figure 1. TH synthesis and secretion. The thyroid gland is comprised of follicles and surrounding blood vessels. Follicles are the functional unit for
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a spherical monolayer
of polarized
thyrocytes
withJeso
the basolateral
surface
facing the bloodstream
and the apical surface delimiting a central follicle lumen. Iodine is taken up by thyrocytes by the action of the NIS exploiting the Na!
electrochemical gradient generated by the Na!/K! ATPase. I" crosses the apical membrane and reaches the follicular lumen (I" efflux) by the
- exchanger Pendrin and/or other transporters. I" is+ oxidized
action of the anion
by TPO in the presence of H2O2 generated by the Duox2. Reactive
iodide is covalently linked to selected tyrosyl residues of Tg to generate MIT and/or DIT. Under these oxidizing conditions, MIT and DIT are coupled
to form THs T3 and T4. Newly synthesized Tg, TPO, and Duox2 are made in the ER and fold with the aid of general (CNX, CRT, etc) and dedicated
(Duox maturation factor 2 for Duox2) chaperones before transport to the apical membrane. Newly secreted and iodinated Tg is endocytosed and
degraded in lysosomes, and THs undergo transport to the bloodstream. The iodide from uncoupled MIT and DIT is recycled by tyrosine
dehalogenase (Dehal1). Intact Tg
found in serum at low levels, but may exhibit increased concentrations in serum under conditions of
+ is normally
+
increased thyroid cell mass (279), TSH stimulation (279), Graves’ disease (280), subacute thyroiditis (281), and thyroid carcinoma. In the latter
condition, post-thyroidectomy and ablation of residual thyroid tissue, serum Tg levels are used to monitor residual disease (282).

First, iodide (I ) is taken up by the NIS (Na /I ) and transported into the cytoplasm of the
follicular cells. The electrochemical gradient necessary for this process is generated by the
sodium-potassium (Na /K ) adenosine triphosphatase (ATPase) (Carrasco, 2005; Di Jeso and
Arvan, 2016). Second, iodide is released through the apical membrane into the colloid,
tebrate Tg. Moreover, these findings raise interesting
questions as to whether the hormonogenic function associated with Tg appeared in evolution first in the region
enriched in Tg type-1 repeat domains (the N-terminal region of modern vertebrate Tg) or in the ChEL-domain
portion (the C-terminal region of modern vertebrate Tg).
The answer to these questions may have to await cloning

predicted 2400 residue protein (Bf_123169) (19), then
this would imply that the capability to synthesize TH efficiently may have originated in proximity to Tg type-1
repeat domains.
In species even more primitive than chordates, THs are
nevertheless important inducers of metamorphosis, such
as in some echinoderms (sea urchins, sea biscuits, and sand
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located in the follicular lumen, via pendrin/apical iodide transporter (AIT) (Carrasco, 2005;
Rodriguez et al., 2002; Scott et al., 1999).
Third, the initial transcription of the Tg gene is started by three thyroid-specific transcription
factors (TFT-1, TFT-2 and Pax-8). After translation of the mRNA, the Tg polypeptide chain is
synthetized by the endoplasmic reticulum (ER) of the thyrocyte, the first mannose and
glucose residues are added to the Tg molecule and the Tg protein is folded (Bilek and
Zamrazil, 2009; van de Graaf et al., 2001). If the folding process is not successful and Tg is
misfolded, Tg is retained in the ER and broken down. The folded Tg protein is then moved to
the Golgi apparatus, where the glycosylation and dimerization processes occur (de Vijlder et
al., 1999; van de Graaf et al., 2001).
Fourth, in the follicular lumen, iodide is oxidized by thyroid peroxidase (TPO) in the presence
of hydrogen peroxidase (H2O2) (Di Jeso and Arvan, 2016). Fifth, the iodination process
begins: iodide attaches to tyrosine residues within Tg to produce either MIT or DIT, the
precursors of T3 and T4 hormones (Dunn and Dunn, 2001; Taurog, 2000). Sixth, T4 and T3
hormones are formed by the coupling of two DIT+DIT (T4) or DIT+MIT (T3) residues (de
Vijlder and den Hartog, 1998; Lamas et al., 1989; van de Graaf et al., 2001). About one-third
of the iodine in Tg is in T4 and T3 hormones, the rest is in the inactive precursors, DIT and
MIT (Dunn and Dunn, 2001). At this stage, immature Tg (poorly iodinated Tg) can be
internalized from the lumen and recycled through the Golgi apparatus, like the misfolded Tg
(van de Graaf et al., 2001). The mature iodinated Tg is secreted into the follicular lumen and
it is stored within the colloid in a very concentrated (100 up to 800 mg/mL), compact,
soluble form (Arvan and Di Jeso, 2005; Berndorfer et al., 1996).
Seventh, Tg and thyroid hormones (T3 and T4) are released into blood circulation through
transcytosis (transepithelial transport), endocytosis and proteolysis routes as described
below. By transcytosis, Tg can be transported intact from the apical to the basolateral
membrane and then released into the bloodstream. By endocytosis and proteolysis, Tg is
transported through early endosomes to lysosomes, where it is degraded with release of
thyroid hormones in the blood circulation (Marino et al., 2001). If Tg escapes these
pathways, it will be recycled back to the follicular lumen, mainly through the Golgi apparatus
(Miquelis et al., 1993; van de Graaf et al., 2001).
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Tg endocytosis is a strictly regulated process; it is a balance between release and uptake of
Tg, which influences the amount of thyroid hormones released into the peripheral tissues
(Marino et al., 2001). T4 is the main secretory product of the thyroid; it is deiodinated to its
biologically active metabolite T3. The thyroid secretes approximately 85 μg of T4 and 7 μg of
T3 daily (Hershman, 2010). Roughly 80% of the daily production of T3 originates from the
extrathyroidal deiodination of T4, with the rest derived from the thyroid (Dunn and Dunn,
2001).

3.4.

Modulators of intrathyroidal iodine metabolism

Thyroid hormone biosynthesis is regulated by three key factors: TSH, Tg and iodine.
3.4.1. TSH
TSH stimulates most aspects of intrathyroidal iodine metabolism and has a positive
regulatory effect on genes essential to thyroid hormone formation (Dunn, 1996; Luo et al.,
2014; Taurog, 2000). These effects include the synthesis, iodination, reabsorption, and
degradation of Tg and the release of thyroid hormone into the circulation (Luo et al., 2014).
As a consequence, the efficiency of uptake of iodine by the thyroid and its return to the
circulation as hormone is increased (Dunn and Dunn, 2001).
3.4.2. Tg
Tg is a potent autocrine regulator of thyroid-specific gene expression and can selectively
alter expression of thyroid transcription factors (TFT-1, TFT-2, Pax-8) (Bilek and Zamrazil,
2009; Nakazato et al., 2000; Suzuki and Kohn, 2006). Tg can influence almost every event
related to Tg and thyroid hormone synthesis, mainly by suppressing its own synthesis,
iodination and maturation (Bilek and Zamrazil, 2009; Suzuki et al., 1998; Suzuki et al., 1999a).
Insufficient iodination of Tg appears to be responsible for reduced efficiency of thyroid
hormone synthesis (Dumont et al., 1995). The Tg negative regulatory effect is able to
overcome the positive TSH-increased gene expression (Luo et al., 2014; Suzuki and Kohn,
2006; Suzuki et al., 1999b). After a block of Tg synthesis, a normal thyroid is able to maintain
thyroid hormone secretion for up to 3 months thanks to the high storage capacity of Tg for
iodine (Van Herle et al., 1979b).
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3.4.3. Iodine supply
Both ID and iodine excess can have an impact on thyroid hormone synthesis. ID leads to
increased TSH stimulation, increased iodine uptake, rapid iodine turnover, and enhanced
production of T3 relative to T4 (Dunn and Dunn, 2001). On the other side, iodine excess
blocks the Tg iodination process and retards the thyroid hormone synthesis (Dunn and Dunn,
2001).

3.5.

TgAb

Thyroid autoantibodies are proteins manufactured by the immune system that are directed
against proteins in the thyroid (Pedersen and Laurberg, 2009). TgAb and thyroid peroxidase
antibody (TPOAb) are found in people having autoimmune thyroid disorders (AITD), such as
Hashimoto's thyroiditis and Graves' disease (Okosieme and Lazarus, 2004). TgAb are also
found in healthy subjects not suffering from thyroid disease and/or AITD, implying that there
is no proven role of TgAb in the development of AITD (Okosieme and Lazarus, 2004; Spencer
et al., 1998).
Some studies reported a difference in the TgAb found in healthy people compared to the
ones found in individuals with AITD (Bouanani et al., 1989; Caturegli et al., 1994). This
difference is related to the epitope recognition pattern of TgAb and to the antigen
determinants of Tg, which are different in various disease conditions (AITD, goiter,
carcinoma) (Caturegli et al., 1994; Latrofa et al., 2008; Liu et al., 2012).
Healthy subjects exhibit a non-restriction epitope pattern, while AITD subjects recognize a
restricted number (1-3) of epitopes (Caturegli et al., 1994; Liu et al., 2012). In the late 1980s,
epitope mapping of human Tg revealed six different antigenic domains (regions I-VI)
(Piechaczyk et al., 1987; Spencer et al., 1996). The antigenic domain II is monospecific and
high-affinity appears to be characteristic of AITD. The antigenic regions III, IV and V are
polyclonal and low-affinity appears characteristic of the “natural” TgAbs seen in healthy
individuals (Bouanani et al., 1989; Spencer et al., 1996).
The autoimmune response to TgAb and TPOAb probably originates from genetic
susceptibility in combination with environmental and external factors, like dietary iodine
(Ban and Tomer, 2003). The mechanism responsible for thyroid autoimmunity related to
iodine status is still unknown and may be different in populations exposed to different iodine
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intakes (Fountoulakis et al., 2007; Pedersen and Laurberg, 2009). The following mechanisms
have been proposed: 1) enhancement of the autoimmunogenic properties of Tg by
increased iodination of Tg, which could change its stereochemical configuration and may
enhance its immunoreactivity (Dunn et al., 1983; Latrofa et al., 2013; Martino et al., 2001;
Pedersen et al., 2011; Saboori et al., 1998); 2) a sudden shift from very low to high iodine
intake, which may induce damage to thyroid tissue by free radicals, that seems to be more
important than exposure to a constant but high iodine level (Kahaly et al., 1998; Laurberg et
al., 1998; Li and Boyages, 1994; Teng et al., 2006); 3) the development of thyroid
autoantibodies in some cases may be secondary to goiter formation or release of antigens
from the thyroid (Laurberg et al., 1998); and 4) iodine may induce thyroid autoimmunity by
unmasking a cryptic epitope on Tg (Latrofa et al., 2013).
Large observational studies in adult populations with different iodine intake have confirmed
the enhancing influence of iodine on thyroid autoimmunity (Laurberg et al., 1998;
Vanderpump et al., 1995). Particularly, hypothyroidism and frequency of thyroid
autoimmunity were higher in iodine-sufficient than in iodine-deficient populations (Latrofa
et al., 2013). The prevalence of thyroid antibodies was 25% in conditions of iodine excess
(Kasagi et al., 2009), 18% in conditions of sufficient iodine intake (Hollowell et al., 2002) and
13% in conditions of ID (Aghini-Lombardi et al., 1999). After the administration of iodine
supplements to adults living in mild-iodine-deficient areas, the incidence of thyroid
autoimmunity was three to five times higher than previously (Heydarian et al., 2007; Latrofa
et al., 2013; Pedersen et al., 2011). The reason for the enhanced thyroid autoimmunity can
be attributed to both a cellular and a humoral immune response of the thyroid to a sudden
increase in iodine supply (Harach and Williams, 1995; Kahaly et al., 1998; Koutras et al.,
1990).
Measurement of TgAb: clinical indications
TgAb is primarily determined as an additional test to Tg measurement (Demers and Spencer,
2003). TgAb may interfere with the methods that measure Tg concentration and lead to
over- or underestimation of the true Tg concentration (see Section 4.7.2). Furthermore,
TgAb screening may be useful for identifying autoimmune thyroid disease in patients with a
nodular goiter and for monitoring iodine therapy for endemic goiter (Demers and Spencer,
2003).
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3.5.1. TgAb in school-aged children
The prevalence of serum TgAb in SAC varies from 0.5% to 3% in areas not affected by ID
disorders and to 10-18% in children and adolescents with goiter (Aghini-Lombardi et al.,
1999; Jaksic et al., 1994; Jaruratanasirikul et al., 1995; Lindberg et al., 2001; Marwaha et al.,
2000; Tsatsoulis et al., 1999; Wong et al., 1998). However, the link between iodine intake
and thyroid autoimmunity in children is still unclear. Two recent studies, one in serum
(Bhattacharjee et al., 2013) and one in DBS (Zimmermann et al., 2013) samples, showed that
TgAb are rare in this group, 5% and 1% respectively, and are not increased by either ID or
excess. Screening for TgAb seems not to be necessary in SAC when using a Tg assay to
classify population iodine status (Zimmermann et al., 2013).
3.5.2. TgAb in adults
The prevalence of serum TgAb in adults varies from 4% to 14% (Date et al., 1980; Salabe et
al., 1972; Spencer et al., 1998; Vanderpump, 2011). TPOAb and TgAb prevalence in women
of reproductive age is around 6-20% (Poppe et al., 2008; Stagnaro-Green and Glinoer, 2004;
Thangaratinam et al., 2011). There are divergent opinions on the need to screen healthy
adults for TgAb. Some studies showed that the exclusion of TgAb positive participants may
not influence the interpretation of population-based data and that the median Tg was not
statistically different between the two groups (positive vs. negative) (Cahoon et al., 2013;
Knudsen et al., 2001; Vejbjerg et al., 2009). On the other hand, one study showed that lower
Tg values were predicted by TgAb positivity (Krejbjerg et al., 2016).
3.5.3. TgAb in pregnant women
TPOAb and TgAb status have been linked to abnormal pregnancy outcomes, such as
miscarriage, preterm delivery and low birth weight (Chen et al., 2015; Glinoer et al., 1991;
Thangaratinam et al., 2011). Table 5 shows the prevalence of serum TgAb in pregnant
women; the incidence varies from 2.3% to 20%. Due to the immunosuppressive effect of
pregnancy on maternal autoimmunity, i.e. the manifestation of maternal immune tolerance
for the fetus (Balucan et al., 2013; Davies, 1999; Gaberscek and Zaletel, 2011; Weetman,
1999), the prevalence of positive TgAb declines with the progression of gestation (Glinoer et
al., 1994; Kuijpens et al., 1998; Parker and Beierwaltes, 1961; Smyth, 1999; Smyth et al.,
2005). Currently, clinical guidelines do not recommend universal screening of TgAb in
pregnancy (De Groot et al., 2012; Stagnaro-Green et al., 2011).
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Table 5. Prevalence of serum TgAb in pregnant women
Study

Method

Trimester

TgAb prevalence

Pedersen (Pedersen et al., 1988)

RIA, home-made

3

rd

5%

Nohr (Nohr and Laurberg, 2000)

RIPA, A65193

3

rd

3.2%

Hollowell (Hollowell et al., 2002)

RIA, Kronus

1

st

up to 20%

Mitchel (Mitchell et al., 2003)

RIA, Kronus

2

nd

10%

La’ulu (La'ulu and Roberts, 2007)

ICLA, Architect i200

2

nd

6%

Stricker (Stricker et al., 2007)

ICLA, Architect i200

1

st

17.3%

2

nd

17.3%

3

rd

11.7%

Marwaha (Marwaha et al., 2008)

ICLA, Cobas Elecsys 1010

all

Boas (Boas et al., 2009)

IFA, Kryptor

1 and 2

Fuse (Fuse et al., 2011)

RIA, Cosmic II

all

Karakosta (Karakosta et al., 2011)

ICLA, Immulite 2000

1

st

8.3%

2

nd

6.4%

st

2.3%
nd

7%
11.7%

Andersen (Andersen et al., 2013)

RIPA, A65193

3

rd

4.4%

Meng (Meng et al., 2013)

ICLA, ADVIA

all

8.3%

Moreno-Reyes (Moreno-Reyes et al., 2013)

ICLA, Cobas Elecsys

all

4.4%

1

st

5.9%

3

rd

2.7%

1

st

8.3%

2

nd

3.8%

3

rd

3.4%

1

st

48.2%

2

nd

13.7%

3

rd

8.8%

Jaikrishna (unpublished data), MITCH India

Stinca (unpublished data), MITCH Thailand

ICLA, Immulite 1000

ICLA, Immulite 2000

Chen (Chen et al., 2015)

ICLA, Beckman Coulter

3

rd

2%

Ekinci (Ekinci et al., 2015)

ICLA, Cobas Elecsys 602

1

st

10.7%

2

nd

7.8%

3

rd

6.4%

1

st

12.6%

Shi (Shi et al., 2015)

ICLA, Cobas Elecsys 601

ICLA, immunochemiluminometric assay; IFA, immunofluorescent assay; RIA, radioimmuno assay; RIPA,
radioimmunoprecipitation assay
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3.6.

Tg as a biomarker of iodine status in adults and school-aged children

Many studies have reported that serum Tg and/or DBS-Tg is a sensitive marker of iodine
intake in populations and provide evidence for its usefulness as a tool for monitoring the
iodine status (Chong et al., 2015; Feei Ma and Skeaff, 2014; Knudsen et al., 2001; Pedersen
et al., 1988; Vejbjerg et al., 2009; Zimmermann et al., 2013).
The inverse association between serum Tg and iodine intake in adults and SAC living in
regions with different iodine intakes has been investigated in several studies (Bilek et al.,
2015; Cahoon et al., 2013; Chong et al., 2015; Gutekunst et al., 1986; Knudsen et al., 2001;
Krejbjerg et al., 2016; Laurberg et al., 1998; Missler et al., 1994; Rasmussen et al., 2002; Teng
et al., 2006; Vejbjerg et al., 2009; Zimmermann et al., 2013; Zimmermann et al., 2006). In
both population groups, higher serum/DBS-Tg values were reported in iodine-deficient and
iodine excess areas and lower serum/DBS-Tg values were found in iodine-sufficient areas.
Over a range of iodine intakes from severely deficient to excessive, DBS-Tg concentrations in
SAC showed a clear U-shaped curve (Zimmermann et al., 2013). Similar results were found in
a study investigating serum Tg concentrations in the general population (6-98 years old
subjects) (Bilek et al., 2015). These data suggest that Tg, in conjunction with UIC
measurement, could be used as a sensitive indicator of iodine status in both children and
adults (Bilek et al., 2015; Zimmermann et al., 2013). Many studies report a correlation
between Tg and thyroid volume, thyroid nodularity, thyroid hormones (TSH and TT4) or UIC
in both adults and SAC (Buchinger et al., 1997; Chong et al., 2015; Knudsen et al., 2001;
Rasmussen et al., 2002; Simsek et al., 2003; Thomson et al., 2001; Vejbjerg et al., 2009;
Zimmermann et al., 2013; Zimmermann et al., 2006; Zimmermann et al., 2003).
The normal reference ranges and the cutoff point for Tg that identify ID or iodine sufficiency
in adults, SAC and pregnant women remain uncertain, and these factors are strongly
dependent on the method used for assessing Tg concentrations (see Section 4.8).
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3.6.1. Iodine deficiency and Tg concentration
Higher median Tg concentrations are found in SAC (Aydin et al., 2002; Bayram et al., 2009;
Simsek et al., 2003; Skeaff et al., 2012; Zimmermann, 2004; Zimmermann et al., 2013) and
adults (Cahoon et al., 2013; Fenzi et al., 1985; Gutekunst et al., 1986; Knudsen et al., 2001;
Laurberg et al., 1998; Pedersen et al., 1988; Rasmussen et al., 2002; Vejbjerg et al., 2009)
living in iodine-deficient areas.
The mechanism responsible for the increased amount of Tg released in the blood is
associated with the level of T4 and TSH: low circulating levels of T4 stimulate the release of
TRH from the pituitary gland, which subsequently increases the production of TSH. TSH
hyperstimulation incites the growth and division of the follicular cells, which causes the
thyroid gland to enlarge, leading to goiter formation (de Vijlder et al., 1999; Pezzino et al.,
1978; Zimmermann et al., 2006).
Many intervention studies investigated the relationship between Tg and iodine
supplementation in both SAC and in adult populations. In these studies, a rapid fall in Tg
concentrations was observed when the iodine status improved (Benmiloud et al., 1994; Feei
Ma et al., 2016; Knobel and Medeiros-Neto, 1986; Krejbjerg et al., 2015; Lima et al., 1986;
Markou et al., 2003; Mirmiran et al., 2002; Missler et al., 1994; Pedersen et al., 1993; Todd
and Dunn, 1998; van den Briel et al., 2001; Zimmermann et al., 2003). In adults with endemic
goiter, mean serum Tg ranged from 94 to 208 μg/L (Bayram et al., 2009; Van Herle et al.,
1976). In SAC, median serum Tg ranged from 12.9 to 59 μg/L (Bayram et al., 2009; Simsek et
al., 2003; Skeaff et al., 2012). In pregnant women, the mean/median serum Tg ranged from 4
to 31 μg/L (see Table 6).
3.6.2. Adequate iodine intake and Tg concentration
In healthy adults with adequate iodine status, studies reported median serum Tg
concentration ranging from 5 to 14 μg/L (Fenzi et al., 1985; Hu et al., 2003; Izumi and Larsen,
1978; Mitchell et al., 2003; Nakamura et al., 1984b; Pacini et al., 1980). In healthy SAC with
adequate iodine status, the geometric mean DBS-Tg ranged from 10.5 to 18 μg/L
(Zimmermann et al., 2013) and the median DBS-Tg from 11.2 to 19.3 μg/L (Zimmermann et
al., 2006). In healthy SAC with adequate iodine status, the median serum Tg ranged from 8.4
to 10.8 μg/L (Simsek et al., 2003; Skeaff and Lonsdale-Cooper, 2013). In healthy pregnant
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women with adequate iodine intake the mean/median serum Tg ranged from 2.1 to
73.2 μg/L (see Table 6).
3.6.3. Excessive iodine intake and Tg concentration
In iodine excess, Tg concentrations are often increased because the thyroid gland fails to
escape from the Wolff-Chaikoff effect (Benmiloud et al., 1994; Feei Ma and Skeaff, 2014).
Increased serum Tg concentrations were found in SAC (Chong et al., 2004; Zimmermann et
al., 2013), in adults (Szabolcs et al., 1997) and in pregnant women (see Table 6) with
excessive iodine intake. This effect is explained in details in Section 1.7.

3.7.

Tg as a biomarker of iodine status in pregnant women

Tg may be a sensitive functional biomarker of iodine nutrition during pregnancy, but its
performance in populations with varying iodine status is unclear. There are few data on Tg
concentrations in pregnancy and no reference ranges available. Table 6 gives an overview of
all the studies conducted in pregnant women in iodine-sufficient and deficient areas where
Tg concentrations were measured. Eleven studies showed that Tg concentrations did not
differ significantly among trimesters. In contrast, five studies reported a significant increase
in Tg concentrations from the first to the third trimester.
Pregnant women have significantly higher serum Tg levels than non-pregnant women
(Berghout et al., 1994; Eltom et al., 2000; Habimana et al., 2014; Li C. et al., 2016; Nakamura
et al., 1984a; Pedersen et al., 1988; Raverot et al., 2012). This increase can be explained by
the physiological changes that occur during pregnancy as well as by the adaptation of
thyroid function to the pregnant status (Glinoer, 1997b).
Three recent studies showed that Tg in pregnant women responds well to both ID as well as
to iodine excess, suggesting that Tg could be used as a sensitive biomarker of iodine status in
pregnancy (Delshad et al., 2016; Moreno-Reyes et al., 2013; Shi et al., 2015). Serum Tg was
significantly higher in iodine-deficient pregnant women compared to sufficient and excess
groups. Three intervention studies (Glinoer et al., 1995; Nohr et al., 2000; Pedersen et al.,
1993) reported lower Tg values in supplemented pregnant women compared to the placebo,
while others fail to detect a difference between the groups (Antonangeli et al., 2002;
Liesenkötter et al., 1996; Santiago et al., 2013).
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Table 6. Studies reporting Tg values in pregnant women
Study

Iodine status

Trimester

Nakamura (Nakamura et al., 1984a)

Not stated

1

Hara (Hara et al., 1986)

Rasmussen (Rasmussen et al., 1989)

Berghout (Berghout et al., 1994)

Soldin (Soldin et al., 2004a)

Shi (Shi et al., 2015)

Sufficient (assumed)

Sufficient (assumed)

Sufficient (assumed)

Sufficient (assumed)

Sufficient

Median UIC (μg/L)

Serum Tg (μg/L)

p value

st

NA

8.4 (1.3-18)

1 vs. 2 NA

2

nd

NA

9.2 (1.7-25.6)

1 vs. 3 NA

3

rd

NA

11.1 (3.6-24)

2 vs. 3 NA

1

st

NA

18.3±1.9

1 vs. 2 <0.01

2

nd

NA

3±3.6

1 vs. 3 <0.01

3

rd

NA

2.1±7

2 vs. 3 <0.01

1

st

NA

60.5 (8.2-325)

1 vs. 2 NA

2

nd

NA

65.7 (9.9-389)

1 vs. 3 NA

3

rd

NA

73.2 (4.7-395)

2 vs. 3 NA

1

st

NA

41.6±26.4

1 vs. 2 NS

2

nd

NA

37.8±19.3

1 vs. 3 NS

3

rd

NA

38.5±25.9

2 vs. 3 NS

1

st

NA

15.5±1.9

1 vs. 2 NS

2

nd

NA

14.9±2.1

1 vs. 3 NS

3

rd

NA

18.5±2.8

2 vs. 3 NS

1

st

<100

11.9 (1.8-55.4)

<0.001

1

st

100-149

10.7 (0.9-37.3)

<0.05
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Study

Iodine status

Trimester

Shi (Shi et al., 2015)

Sufficient

1

Li (Li C. et al., 2016)

Caron (Caron et al., 1997)

Sufficient

Deficient

Median UIC (μg/L)

Serum Tg (μg/L)

p value

st

150-249

10.2 (0.8-31.3)

Ref.

1

st

250-499

11 (2.3-38.7)

<0.01

1

st

≥500

13.6 (5.8-48.5)

<0.001

1

st

183.6

12.9

1 vs. 2 NS

2

nd

146.8

12.7

1 vs. 3 NS

3

rd

127.8

13.9

2 vs. 3 NS

st

50

17.5

1 vs. 3 <0.001

rd

54

22.5

1

st

38.1

27.5 (12-40)

1 vs. 2 NS

2

nd

25.4

25 (15-43)

1 vs. 3 NS

3

rd

38.1

30 (15-67)

2 vs. 3 NS

1

st

88.9

15.5 (8-24)

1 vs. 2 NS

2

nd

88.9

10.5 (7-19)

1 vs. 3 <0.0001

3

rd

76.2

18 (13-25)

2 vs. 3 <0.0001

1

st

106

4 (2.1-7.3)

1 vs. 2 NS

2

nd

115

4.8 (2.6-8.2)

1 vs. 3 NS

3

rd

120

5.2 (2.7-8.6)

2 vs. 3 NS

1

st

70.2

13.2±14.5

1 vs. 2 NS

2

nd

77.5

11.4±9.6

1 vs. 3 NS

3

rd

84.4

15±12.1

2 vs. 3 NS

1 (extrapolated)
3 (extrapolated)

Eltom (Eltom et al., 2000)

Eltom (Eltom et al., 2000)

Kung (Kung et al., 2000)

Dominguez (Dominguez et al., 2004)
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Deficient

Deficient

Deficient
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Study

Iodine status

Trimester

Sanchez (Sanchez-Vega et al., 2008)

Deficient

1

Costeira (Costeira et al., 2010)

Raverot (Raverot et al., 2012)

Moreno-Reyes (Moreno-Reyes et al., 2013)

Habimana (Habimana et al., 2014)

Koukkou (Koukkou et al., 2014)

Delshad (Delshad et al., 2016)

Deficient

Deficient

Deficient

Deficient

Deficient

Deficient

Median UIC (μg/L)

Serum Tg (μg/L)

p value

st

124

7.6±11.8

1 vs. 2 NS

2

nd

142.5

7.5±7.9

1

st

65

11 (6.8-19.2)

1 vs. 2 NS

2

nd

57

11 (5.5-16)

1 vs. 3 NS

3

rd

70

12.7 (7-21.9)

2 vs. 3 NS

1

st

68.6

16.6 (1.3-166.2)

1 vs. 2 NS

2

nd

91

15.7 (0.2-111.4)

1 vs. 3 NS

3

rd

90.7

16.2 (0.2-166.2)

2 vs. 3 NS

1

st

117

20 (11-33)

1 vs. 2 <0.01

2

nd

131

22 (12-38)

1

st

238

9.2 (3-16.4)

1 vs. 2 <0.01

2

nd

129

14.3 (5.3-23.7)

1 vs. 3 <0.01

3

rd

77

15.9 (7.4-25.5)

2 vs. 3 NS

1

st

130

13.9 (14-43)

1 vs. 2 NS

2

nd

125

12.4 (0.2-14)

1 vs. 3 <0.05

3

rd

130

31 (18-45)

2 vs. 3 <0.01

1

st

92.1

12.1 (5.6-20.3)

1 vs. 2 NS

2

nd

86

12.3 (5.2-20.9)

1 vs. 3 NS

3

rd

76.8

13.1 (6.9-24.8)

2 vs. 3 NS

Data as mean±SD or median (range); NA, not assessed; NS, not significant; UIC, urinary iodine concentration; Tg, thyroglobulin
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4.

Analytical method

The characteristics of an ideal biomarker are: high sensitivity; high specificity; high accuracy
and reliability; capability to be reproduced across different clinical laboratories; low intraand inter-assay coefficient of variation (CV); the assay should be easy to perform and results
should be easily available for the clinicians/technicians (Iervasi et al., 2006).
Ensuring high precision and reliability in Tg measurement is challenging (Clark and Franklyn,
2012; Demers and Spencer, 2003; Spencer et al., 1996; Spencer et al., 1998). Analytical
problems related to Tg measurement are:
§

poor inter-laboratory standardization (serum Tg values obtained by different
methods are not interchangeable);

§

poor inter-assay variation (between-method biases exceed the within-person
biological variability of Tg);

§

low functional sensitivity and precision;

§

long-term stability and availability of assay to allow lifetime follow-up;

§

different and assay’s related reference range and cutoff;

§

Hook effect;

§

TgAb interference;

§

differences in epitopes recognition by antibodies used in the assay;

§

heterogeneity of the large Tg molecule

The heterogeneity of the Tg molecule and the varying characteristics of Tg preparations
(starting thyroid tissue and the purification process used) are two factors that make Tg
assays difficult to standardize (Demers and Spencer, 2003). The structure and heterogeneity
of the Tg molecule are extremely complex and can be explained by: 1) post-translational
modifications and 2) Tg polymerization and degradation processes occurring during the
process of thyroid hormone synthesis and release (Demers and Spencer, 2003).

34

B financial advantages. Firstly,
tru practical,
csh
r leclinical
Dand
ioffers
anrrtih
a
f
h
,
d
s
g
e
w
i
z
n
,
i
.
e
acendeur odedtefsotri
encitasl
r
tly, veins, the elderly or infants. The
b
o
r
s
r
p
m
rreasgpe[7]. eFor
i
t
oeceipt
o
e
i
with
damaged/altered
long-term
g
F
l
u
n
.
and relatively painless
li DBS ncollection
ees to perform
aelttebr s nis
geasy
tahmpm
a
s
t
s
s
b
o
n
LITERATURE REVIEW
s
i
e
s
o
s
o
t
i
l
i
a
h
h
nre
n
v
t
i
e
d
s
a
.koTnof infecv
o
a
a
f
p
n
e
l
(Figure
carried
out
by the
patient
at home,
chIt ofcan
lyalso
uuse
c,ias1).
,
vTebe
oe, cthoerpapers
n
e
i
t
e
t
a
DBS
minimizes
the
volume
of
blood
taken
the
blotting
are
s
r
h
m
t
a
n
u
s
l
n
i
o
t
e
f
.
e
c
t
h
s
r
t
d
t
d
uesnoat
n
d
n
a
o
a
4.1.
DBS
technique
f
n
a
aorthe
in need
structures such as
room
iaeknetnfor cspecialized
m
icoauls blowithout
t
r
n
a
y
o
r
i
l
h as
f
l
p
r
e
r
e
c
t
e
e
u
d
l
um
s
ln,9].
p
d
h
e
t bdates
use of DBSbcards
backrto
early
1960s
and
Susi,
1963). Nowadays,
the
from
It
has
been
shown
that
drying
the
blood
loopatients.
yolaboratories.
eosthe
themedical
yst, oThe
ss(Guthrie
f
s
u
t
e
This
sampling
procedure
is
far
less
ctor,
from
t
a
d
l
n
u
c
i
e
e
r
o
e
o
u
a
m specimen
bl e is fresearch
sgtrthfore field-based
neriesd v cainterest
is
increasing and many analytes can be
rhieedvoinluDBS
r
d
r
e
r
z
u
o
n
t
i
i
f
l
d
y
e
,
s
r
a
e
d therefore
b ize
ihat dthan
invasive
isfunction
better
suited
for
leic
cblotting
ecwith
ite2007).
rovenipuncture,
spot
damages
the
capsid
of
viruses
[HIV,
m
pn
s [HteIVr paper
ual.,
pon
cmainniacids
t
s
e
s
assessed
this
technique
(McDade
et
Most
thyroid
parameters
(TSH,
s
g
u
r
n
r
e
w
i
i
o
s
of v is beutnumerous
n as thoblood
deenf shopatients
mappslidrequiring
a
e
a
s
e
tests,
such
those
ng
papers
m
n
e
b
s
i
r
h
TT4,
Tg,
TgAb)
can
be
measured
in
just
a
few
drops
of
blood
from
a finger
or heelas
stick.
c
h
o
,
h
e
et has
)
f
c
T
h
e
e
V
t
u
r
.
h
C
s , the uCytomegalovirus
s
T
(CMV),
C
virus
(HCV),
human
s (H tests, s veins,
s. hepatitis
t
teorrdieamagcewith
r
e Cdamaged/altered
i
n
r
a
v
a
the
elderly
or
infants.
The
r
long-term
u
f
t
o
bg pap ipuAdvantages
in
n
npatitis s blood
e
r
k
o
a
t
y
en ), he erou
lderl minimizes
lood theoovolume
e
asn(CvMVare
use
of
DBS
also
of blood taken
m
b
d
hapers
e
u
f
h
n
o
t
l
u iring This technique
,
b
e
is
accessible
even
in
remote
research
area
where
the logistics and
s
e
m
in
h
u
t
e
l
v
o
g
,
v
equ
in mayshown
has
drying the blood
IVthat
redfrom patients.
[aHlimit
the forItvenipuncture
drybeen
lteinfrastructure
required
be
for study implementation and
s
s
a
t
e
e
/
a
s
z
d
h
i
u
im on blotting
n t paper
f virmethod uthe
inspot
wThe
mage o m
o
o
man
damages
capsid
of viruses
[HIV,
d
h
i
subject
recruitment.
DBS
collection
(Figure
6B) is relatively
painless
and
s
s
h
s
p
,
n
l
)
a
e
a
c
V
e
e
C
S
b
B specimens
DBS
s th to(CMV),
s (H hepatitis
ecompared
hasneeds
to
minimally-invasive
venipuncture
(Figure 6A);C
it isvirus
field-friendly;
it eliminates
the
u
g
t
Cytomegalovirus
(HCV),
human
r
a
I
i
v
.
m
s
a
t
C
d
n
s
r
e
i
i
at
apeof coldhchain/refrigeration
of specimens;
it simplifies the storage, shipment and
patit
pneed
e
g
µl
n
0
i
,
5
t
)
x
t
5
V
One
blo
(CorMmore
nrocedure.
transport
to the laboratory (the cards can be stored, shipped and transported at ambient
s
u
r
i
v
o
l
ega
mcreated
withtemperature);
a specific it typically allows the measurements of multiple thyroid parameters with

needs to minimal amount of blood (5 blood drops=250 μL); and usually reduces the costs of sample
0 mor
collection
and analysis (McDade et al., 2007;
acedl inmore
an elution
buffer
Dry Zimmermann and Andersson, 2012).
µl
°C
VS.
5x50
gae 4specific
5x50µl
A
B
55-10 ml
gionto buffer
the procedure.
The
5x50 μL
5-10 mL
rpm
1500
5x50µl
5-10 ml Storage
5
dure.
The
as a hemolyzed
whole
°
Storage 4°C
T
4°C
t
n
e
bi
ge Am d with
a
Dry
r
o
t
l
S
ed whole
o
m
o
l
Storage
4°C
0
b
1
e
thods
often
intended
for
WhVoSl . olysis
Serum5
h
t
i
w
d
hem
ended
bloo on
e 4°C
or orafor
e
l
g
o
h
i
W
at Centrifuga;on
Dry
VS.
astma
lS
eserv
r
p
VS.
l
l
1500
rpm
Dryyy
ferorPplays
a
major
role
in
e
c 1500 rpm
Dry
role in
s
u
s
r
e
v
rpm
T°
pling
m
ient
1500
a
b
d
s
n
m
variety
of
d
a
A
ltuom
ested. A wide variety of
raege lood with
al bloo
o
c
v
i
s
d
S
s
o
b
a
n blo
of cl
i
hole olysis
e
n
s
common
W
o
Serum
u
i
t
c
the
f
hem
d redlouod with
rumarisonorof
l
e
o
f
S
0
ture.
The mostmpcommon
b
in a 10 WSerum
hole ervation
g
n
nFigure 2 oCro m
i
t
l
oetergents
s
Plasma
s
l pre
s reasu
l
ersu
g
a
e
l
vAmbient
n
Storage
T°
c
i
or
P
l
g
p
n
i
m
l
Whole blood with 228 amp
sa
sD[ethyld
.
twith
n
e
nnrs
BS added
a
detergents
g
s Whole
e with
blood
f stora
lum
01a3l-b0lood
o
o
2
cell
preservation
Plasma
v
e
s
m
l
d
a
M
c
-an e
hemolysis
hsylorganic
51o5/fcclas0s8ic:45:4o2nPin bloo Storage
1
Ambient T°
.
0
1
i
e at/2-20°C
Storage
6 dublood
t Zwith
h Storage at room temperature
Serum or Plasma
1
s
c
c
i
0
r
u
Whole
soranand
chelators
[ethylü
e
c
2
i
h
re
0
k
nucleic
n toofryt at 0180/ 0-fo-lBdibliothe
Whole blood with
o
s
i
r
aubFac in a ia ETH cell preservation
p
c
i
m
g
le
v
Cfroom Pbetween
ccompatFigure 6.2Comparison
(2013)
ueTA)],
ultinserum and DBS technique. Adapted from Lehmann et al.
hemolysis
as
well
as
organic
e
s
d
r
e
8
e
u
r
d
g
Figure
2
Comparison
of
the
use
of
classical
blood
sampling
versus
g
a
i
o
F
n
l
0
t
i
- 22
l
n
a
3
p
w
p
1
o
m
.
0
D
a
m
e
2
s
g
M
S
ra resulting in a 100-fold reduction
ase chain
2P
clm in4blood
of sto
in DB DBS sampling
15/c
: 5:4 volume and

5
se
e or ethanol.aFor
10.1 /2016 08 k Zürich
n eanucleic
e
2
an ease of storage.
08/0 -Biblioth
t
a
y
r
TH
acto
exist which are compat- Figure 2omComparison
via E
PubF
of the use of classical blood sampling versus

e cha

ed fr

35

LITERATURE REVIEW

Constrains
The major limits of the DBS technique, which can have a major influence on assay results,
are related to sample collection: blood collection from an adequate finger prick; drying of
specimens; external factors influencing the card quality, such as humidity, temperature,
chromatographic, moisture and hematocrit effects. Additional limitations include: the need
of a correction factor allowing the comparison of DBS-TSH/TT4 results with serum TSH/TT4
results (see Section 5.4); the adaptation of serum protocols to work with DBS is time
consuming and requires specialized people; few labs have direct experience with DBS
analytic methods; and not always is it possible to repeat the analysis in case of bad quality
results, as that depends on how many spots are used for the analysis, the dimension of the
disc used for the extraction process and on how many analytes per DBS card are measured
(McDade et al., 2007).
4.1.1. Card choice
Only Whatman #903 filter paper (formerly Schleicher and Schuel #903) that meets the
National Committee on Clinical Laboratory Standards (NCCLS) should be used for DBS
analyses (Mei et al., 2001). Collection papers are manufactured from high-purity cotton
linters and are certified to meet performance standards for sample absorption and lot-to-lot
consistency (McDade et al., 2007; Mei et al., 2001). When planning and conducting multiple
studies, researchers should buy, whenever possible, the same type and lot of filter paper
cards, this to ensure the highest consistency and reliability on the expected results.
4.1.2. Pricking
The lancets used for pricking should be chosen depending on the subject (newborn, infant,
SAC or adult), because there are differences on the width and penetration depth. It is
important to choose a lancet able to deliver a controlled, uniform puncture that stimulates
sufficient capillary blood flow with minimal injury (McDade et al., 2007).
4.1.3. Collection and sample quality
A drop of blood should be allowed to form on the finger, without squeezing the finger, then
it should be spotted into the filter paper without any direct contact between the finger and
paper (McDade et al., 2007). It is important to wipe away the first drop of blood with a gauze
or cotton pad, as it may contain disinfectant’s traces or it may be contaminated with tissue
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fluid (plasma) (WHO and SIGN, 2010). Blood should fill the circles and completely saturate
the card (American Academy of
Pediatrics
al., 2006). It is not allowed to place a drop of
Processing
of Dried Bloodet
Spots
Standard Operating ProcedureProcedure

blood on top of a previously collected drop or to smear and/or blot the blood onto the paper
12.6.2.3 Advance notification of shipment must be made to the recipient. The
preferred method of notification is to FAX or email completed
ACTG/IMPAACT Specimen Shipment Notice.

(McDade et al., 2007).
13

Examples of Invalid Spots and Invalid Collections of DBS
Samplesimportant
with variable blood volumes.
It13.1
is very
to collect blood spots of comparable size (≈50 μL) because the volume of
Sample Volume: 3 Large OK; 1 Medium, 1 Small not usable

whole blood applied to filter paper has a small effect on the volume of serum contained
within a single disc punched from that spot (Adam et al., 2000; McDade
et al.,
2007).
Processing
of Dried
Blood Spots
Standard Operating ProcedureProcedure
Accurate and reliable laboratory results depend on the quality of blood spots. Specimens
13.3

Sample that was potentially rubbed against the child’s heel

This specimen is invalid because it appears scratched or abraded.

that are
technically unsatisfactory or contain insufficient amounts of blood should not be
This specimen is invalid because quantity of blood is insufficient for testing. This may have
13.2

Spot with incomplete absorption resulting in insufficient blood volumes.
been caused by the following:

assayed
Academy
offilled
Pediatrics
et
13.2.1 (American
Removing filter paper before
blood has completely
circle
or before
blood
has al., 2006). Figure 7 shows insufficient
Processing
of Dried
Blood
Spots
Processing of Driedcards
Blood Spots
soaked through to the other side

Standard Operating ProcedureProcedure

Standard Operating ProcedureProcedure

quality and reason why the cards are not acceptable for analysis.
13.2.2 Applying blood to the DBS card with a capillary tube

13.3

13.2.3
coming inrubbed
contactagainst
with ungloved
Sample DBS
that paper
was potentially
the child’shands
heel or substances such as hand lotion
or powder, either before or after blood specimen collection.
This specimen is invalid because it appears scratched or abraded.

13.4

Sample not allowed to air dry before placing in storage bags

13.3

Sample
that was
rubbed
thewas
child’s
This specimen
is potentially
invalid because
theagainst
specimen
notheel
dry before mailing. DBS must dry a
minimum
of 4 is
hours
(preferably
overnight,
especially or
in abraded.
areas with high humidity) before
This
specimen
invalid
because it
appears scratched
packaging and shipping.

Processing of Dried Blood Spots
Standard Operating ProcedureProcedure

13.6

13.4

DBS with contamination or hemolyzed blood

13.5

Sample where blood was clotted and did not soak into paper

13.4

Sample
not allowed
to air
dry before
placing in appears
storage bags
This specimen
is invalid
because
the specimen
clotted or layered. The volume of
specimen
will not
be uniform
between
spots resulting
errors
during
the testing
process.
This
specimen
is invalid
because
the specimen
was not in
dry
before
mailing.
DBS must
dry a
This may have
been caused
by: overnight, especially in areas with high humidity) before
minimum
of 4 hours
(preferably
packaging
and
shipping.
13.5.1 Touching the same circle on the filter paper to blood drop several times.

Sample not allowed to air dry before placing in storage bags

Insufficient quantity

Scratched or abraded

This specimen is invalid because the specimen was not dry before mailing. DBS must dry a
minimum of 4 hours (preferably overnight, especially in areas with high humidity) before
packaging and shipping.

13.5.2

13.7

Filling circle on both sides of filter paper

DBS where serum separated from cells
This specimen is invalid because the specimen exhibits serum rings i.e. serum becomes
separate from cells. This may have been caused by the following:

55-DriedBloodSpots-LTC-SOP-v2.0-19Mar2012
13.5

16 of 20

Processing of Dried Blood Spots
Sample where blood was clotted and did not soak into paper

13.5 13.7.1
SampleNot
where
blood alcohol
was clotted
andatdid
not soaksite
intobefore
paper making skin puncture
allowing
to dry
puncture
This specimen is invalid because the specimen appears clotted or layered. The volume of
13.7.2
Allowing
filter
paper to
come in
contact
within
alcohol,
hand lotion,
etc process.
specimen
will not
be uniform
between
spots
resulting
errors during
the testing
This may have been caused by:

Standard Operating ProcedureProcedure
13.7.3 Squeezing area surrounding puncture site excessively
This specimen is invalid because the specimen appears clotted or layered. The volume of
13.5.1 Touching the same circle on the filter paper to blood drop several times.
specimen will not be uniform between spots resulting in errors during the testing process.
13.7.4 Drying specimen improperly
13.5.2 Filling circle on both sides of filter paper
This may have been caused by:
DBS with contamination or hemolyzed blood
13.7.5 Applying blood to filter paper with a capillary tube
55-DriedBloodSpots-LTC-SOP-v2.0-19Mar2012
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13.5.1 Touching the same circle on the filter paper to blood drop several times.

Not dried enough

13.6

Clotted or Layered

13.5.2 Filling circle on both sides of filter paper

13.7

13.8

DBS where serum separated from cells
This specimen is invalid because the specimen exhibits serum rings i.e. serum becomes
separate from cells. This may have been caused by the following:

Diluted, discolored, hemolyzed

13.7.1 Not allowing alcohol to dry at puncture site before making skin puncture

DBS where no blood was added to spot

Serum rings

55-DriedBloodSpots-LTC-SOP-v2.0-19Mar2012
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13.7.2 Allowing filter paper to come in contact with alcohol, hand lotion, etc

Figure13.7.3
7. Example
of invalid specimens. Taken from ACTG Network Laboratory (2012)
Squeezing area surrounding puncture site excessively
13.7.4 Drying specimen improperly
55-DriedBloodSpots-LTC-SOP-v2.0-19Mar2012
13.7.5 Applying blood to filter paper with a capillary tube

4.1.4. Drying and storage

17 of 20

After blood collection, the DBS cards are dried for at least 24h at room temperature, away
18 of 20
from direct sunlight and heat. Then they are55-DriedBloodSpots-LTC-SOP-v2.0-19Mar2012
placed in resealable, low gas-permeable plastic
13.8

DBS where no blood was added to spot

bags containing desiccants and humidity cards (WHO, 2005). The DBS specimens should be
stored and kept frozen (at least -20°C) until analysis. Freezing the samples and avoiding
repeated cycles of freezing and thawing minimize the chances of thyroid hormone
degradation.
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4.1.5. Stability of analytes
Only few studies have examined the stability of thyroid parameters in serum samples
(Behrend et al., 1998; Gao et al., 2007; Koliakos et al., 1999; Locsei et al., 2009; Mannisto et
al., 2007; Oddie et al., 1979) and in DBS cards (Coombes et al., 1983; El Ezzi et al., 2010;
Hearn and Hannon, 1982; Lando et al., 2008; Waite et al., 1987).
TSH has been reported to be slightly more stable than T4 (Lando et al., 2008; Mannisto et al.,
2007; Waite et al., 1987). TSH and fT4 concentrations in serum samples can reliably be
analyzed in samples stored for 23 years at -25°C (Mannisto et al., 2007). DBS-TSH is stable up
to 2.7 years and DBS-TT4 up to 5 years if stored at room temperature (El Ezzi et al., 2010).
DBS-TSH and DBS-TT4 has been reported to be stable for up to 1 (Hearn and Hannon, 1982),
3 (Lando et al., 2008) and 4 (El Ezzi et al., 2010) years when stored at 4-8°C. DBS-TSH and
DBS-TT4 were also reported to be stable for 1 year (Coombes et al., 1983) to up to 6 years (El
Ezzi et al., 2010) when stored at -20°C.
Short-term stability studies of serum Tg and TgAb measurements have reported that
specimen stability relates to storage time and temperature, the number of freeze-thaw
cycles, and whether there is sufficient specimen volume to minimize evaporation (Gao et al.,
2007; Locsei et al., 2009; Mannisto et al., 2007; Schaadt et al., 1995). In the last 10 years,
controversial results were reported for serum Tg stability and the effect of freeze-thaw
cycles.
A 2007 study suggested that serum Tg is vulnerable to freezing and thawing, and
demonstrated a small decrease in Tg concentrations after three short cycles and a large
decrease after subsequent cycles (Gao et al., 2007). In a 2009 study, Tg and TgAb
concentrations were significantly lower after long-term storage (-17/-20°C) than after a
short-term (4-10°C) storage (Locsei et al., 2009). On the other side, USC Endocrine
Laboratories Guidelines reported serum Tg to be stable when frozen at -20°C and no
influence of repeat freeze-thaw cycle on serum Tg concentration (Spencer and Fatemi, 2013;
USC Endocrine Laboratories, 2016). DBS-Tg reference material (CRM-457) has been reported
to be stable over 1 year when stored at -20°C (Zimmermann et al., 2006).
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4.1.6. Preparation of calibrators and quality controls
Hematocrit and blood spot volume should be controlled when preparing quality control,
calibration and reference materials (Mei et al., 2001). These materials need to be prepared
according to the study population. Newborns have higher hematocrit compared to adults,
37.4-65% vs. 33-46.2%, respectively (Jopling et al., 2009; Soldin et al., 1999).
A study showed that a 6 mm disc with 30% hematocrit blood contained approximately 47%
more serum volume than a 6 mm disc with 70% hematocrit blood. In the same study the
effect of blood volume in a 6 mm disc was reported: as the volume of whole blood applied to
each spot increased from 25 μL to 125 μL, the amount of serum also increased,
approximately 13% (Mei et al., 2001).
4.1.7. Sample extraction (elution process)
This is the critical step when developing or adapting a DBS assay. The analyte presents on
the spot of a filter paper card should be brought into a solution (eluate). One 3.2 mm disc
contains approximately 1.4 μL of serum (Mei et al., 2001).
Elution protocols need to be critically prepared after evaluation of the optimal combination
of elution duration (e.g., 2h, 4h, overnight); mixing/shaking (e.g., end-over-end, orbital, no
shaking); shaking speed (e.g. 300 rpm, 500 rpm, 700 rpm); temperature (e.g., room
temperature, 4°C, 37°C); buffer constituents (e.g., phosphate-buffered saline, sodium
chloride, Tween 20), and buffer amount (50 μL, 100 μL, 200 μL) (McDade et al., 2007).

4.2.

TSH and TT4 assay in serum and reference ranges in pregnancy

The first serum TSH and TT4 assays were developed 60 years ago and were based on
radioimmunoassay technique. Nowadays, serum TSH and TT4 concentrations are measured
by competitive immunoassay methods. This technique is non-isotopic and uses enzyme
(IEMA), fluorescence (IFMA) or chemiluminescence (ICLA) molecules as signals (Nelson and
Wilcox, 1996; Spencer 2013).
Some experts have recommended measurement of total T4 instead of free T4 in pregnancy,
because TT4 methods are generally more robust, free of assay artifacts, less subjected to
assay bias, less time-consuming and total T4 is able to show inverse relationship with serum
TSH (Brent, 2010; Lee et al., 2009; Mandel et al., 2005; Soldin et al., 2004b).
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4.2.1. Serum TSH reference ranges in pregnancy
The normal serum TSH reference range in healthy, euthyroid adults is 0.4-4 mIU/L (StagnaroGreen et al., 2011). For pregnant women, due to physiological changes (see Section 2.1), the
American Thyroid Association (ATA) recommends the following reference ranges: first
trimester, 0.1-2.5 mIU/L; second trimester, 0.2-3 mIU/L; third trimester, 0.3-3 mIU/L
(Stagnaro-Green et al., 2011).
4.2.2. Serum TT4 reference ranges in pregnancy
The reference range of serum TT4 concentrations in healthy, euthyroid adults is 60-160
nmol/L (Brent, 2010; William et al., 2014) or 65-155 nmol/L (Toft and Beckett, 2005). For
pregnant women, due to physiological changes (see Section 2.1), it is recommended to use
the adults non-pregnant reference range in the first trimester and to multiple this range by
1.5 for the second and third trimesters (Demers and Spencer, 2003; De Groot et al., 2012).
The reference ranges are the following: 60-160/65-155 nmol/L for first trimester; 90240/97.5-232.5 nmol/L for second and third trimesters.

4.3.

TSH and TT4 assay in whole blood spots and reference ranges in pregnancy

Methods for the measurement of TSH and TT4 in whole blood spots are available (DELFIA
TSH and TT4 neonatal kit) and are widely used in newborn screening programs for congenital
hypothyroidism (American Academy of Pediatrics et al., 2006; Fingerhut and Torresani, 2013;
PerkinElmer, 2007). These methods, based on time-resolved fluorescence (IFMA) technique,
allow TSH and TT4 to be measured accurately and cost-effectively in the eluates from filter
paper blood spots.
TSH measurements made on blood spot specimens are either reported in serum units, by
relating the whole blood calibrators to serum values or are reported in whole blood units.
DELFIA DBS-TSH is calibrated in blood units. TSH is distributed only in serum and not in the
cellular compartment, so theoretically the conversion factor should be 2 (American Academy
of Pediatrics et al., 2006; Torresani and Fingerhut, 2016). To compare serum TSH values with
DBS-TSH values it is necessary to increase the whole blood units by 50% to approximate the
serum units (Demers and Spencer, 2003). It is only an approximation, because the true
conversion factor is dependent on the hematocrit, which can not be determine in dried
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blood spots. The CDC quality assurance program uses the conversion factor of 2 and this
factor is widely adopted (Torresani and Fingerhut, 2016).
Contrary to TSH, TT4 is distributed in serum and in the cellular compartment. DBS-TT4 is
calibrated in serum units, hence TT4 values are already converted to serum values and no
conversion factor is needed. Serum TT4 and DBS-TT4 concentrations are directly comparable
(Torresani and Fingerhut, 2016). Formal studies comparing thyroid function tests on serum
versus DBS are scarce, therefore we studied potential TSH and TT4 conversion factors
between these methods. The results are reported in the Section 5.4.1 and 5.4.2.
4.3.1. DBS-TSH reference ranges in pregnancy
Normal reference values for DBS-TSH in adults are 0.1-3.7 mIU/L (Swiss Newborn Screening
Laboratory, University Children's Hospital, Zurich). There are no DBS-TSH reference ranges
for pregnant women. One approach to calculate DBS-TSH reference range for pregnant
women could be to adapt the ones provided by the American Thyroid Association (StagnaroGreen et al., 2011) (Section 4.2.1) and divide them by the conversion factor of 2 (Section
5.4.1). In this way we will obtain the following DBS-TSH reference ranges: 0.05-1.25 mIU/L
for first trimester, 0.1-1.5 mIU/L for second and 0.15-1.5 mIU/L for third trimester.
Another approach could be to take the DBS-TSH reference range for adults and adapt it for
pregnant women considering the difference between the first and second trimester serum
TSH upper limit provided by the American Thyroid Association (Stagnaro-Green et al., 2011).
As the difference between the first and second trimester serum TSH upper limit is 18.2%, we
could revise the 3.7 mIU/L upper limit and instead use 3 mIU/L as upper limit in the first
trimester. With this approach, the DBS-TSH reference ranges in pregnant women would be:
0.1-3 mIU/L for first trimester, 0.1-3.7 mIU/L for second and third trimester.
4.3.2. DBS-TT4 reference ranges in pregnancy
Normal reference values for DBS-TT4 in adults are 65-165 nmol/L (Swiss Newborn Screening
Laboratory, University Children's Hospital, Zurich). There are no DBS-TT4 reference ranges
for pregnant women. One approach to calculate DBS-TT4 reference ranges for pregnant
women would be to multiply the non-pregnancy reference range by 1.5 for the second and
third trimesters (Demers and Spencer, 2003; De Groot et al., 2012). The DBS-TT4 reference
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ranges will be 65-165 nmol/L for the first trimester and 97.5-247.5 nmol/L for the second
and third trimesters.
Another approach could be to take the serum TT4 adults’ reference range (Section 4.2.2) and
multiply it by the conversion factor of 1.6 for the second and third trimesters (Section 5.4.2).
The resulting DBS-TT4 reference ranges will be: 60-160/65-155 nmol/L for he first trimester
and 96-256/104-248 nmol/L for the second and third trimesters.

4.4.

Tg measurement in serum

The first assay available for the measurement of Tg was developed in the late 1960s and was
based on radioimmunoassay (RIA) technique (Roitt and Torrigiani, 1967; Torrigiani et al.,
1969). In 1973 a more convenient and stable RIA technique was introduced (Van Herle et al.,
1973). The limits of the RIA technique were: the variability in polyclonal Ab (pAb); the
inhomogeneity of

125

I-tracers; the nonparallelism between diluted high Tg sera and the Tg

standards; long incubation time; limited working ranges and short shelf life of the isotope
(Okosieme and Lazarus, 2004; Spencer et al., 1985a; Spencer et al., 1985b).
In the mid-1980s a new technique, immunoradiometric assay (IRMA), based on monoclonal
Ab (mAb) was introduced (Mariotti et al., 1982; Okosieme and Lazarus, 2004). Thanks to this
new technique the functional sensitivity of Tg improved from 3 to 5 μg/L (Schlumberger and
Baudin, 1998) to less than 1 μg/L (Smallridge et al., 2007) and more recently to less than
0.1 μg/L.
IRMAs are currently considered the reference methods and are routinely used in clinical
laboratories in almost all European centers (Schlumberger and Baudin, 1998). Results from
the 2014 Proficiency Testing/External Quality Assurance program from the College of
American Pathologists (College of American Pathologists, 2014), showed that of 290
participants laboratories, which includes United States and non-US laboratories, 56%
(n=163) use the Siemens-Immulite, 30% (n=86) use the Beckman, and 14% (n=41) use the
Roche (Netzel et al., 2015).
Table 7 shows a selection of serum Tg methods available on the market with details on assay
type, antibodies, CRM-457 standardization, functional sensitivity, reference range, inter- and
intra-assay CV.

42

LITERATURE REVIEW

The analytical problems related to Tg measurement (reported at the beginning of Section 4)
have an impact on both RIA and IRMA techniques. The capture and detection antibodies
used in these Tg assays, as shown in Table 7, are different and have varying specificity for
different epitopes (Giovanella et al., 2015). This may lead to: variability in Tg measurements,
as different Tg isoforms are recognized by the antibodies, and to disagreement in Tg
concentrations measured by different assays (see Section 4.5) (Clark, 2009; Demers and
Spencer, 2003).
To achieve the most reliable and consistent measurement of serum Tg concentrations it is
recommended to perform the analyses in the same laboratory using the same assay method
each time, to use CRM-457 Tg reference material as calibrators (see Section 4.5) and to
participate in a certified international program of quality assurance (Clark and Franklyn,
2012; Giovanella et al., 2015).
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Table 7. Comparison of Tg assays
Tg

Tg

Tg-Plus

Tg

Tg-S

Tg

Elecsys E170

Advantage

RIA

IRMA

RIA

KRYPTOR

Nichols Inst.,

Cobas,

Nichols Inst.,

BRAHMS,

CISBio,

BRAHMS,

BRAHMS,

USA

USA

Germany

USA

Germany

Germany

Germany

Germany

ICLA/IEA*

ICLA

ICLA

ICLA/IEA

ICLA

IRMA

IRMA

IRMA

IFMA

Capture antibody

4xMAb

MAb

PAb

MAb

MAb

PAb

4xMAb

PAb

2xMAb

Tracer

AP-MAb

AP-MAb

Acr-MAb

RU-MAb

Acr-MAb

40

50

200

20

250

100

100

50

50

Specimen

serum/plasma

serum/plasma

serum

serum/plasma

serum

serum

serum/plasma

serum

serum/plasma

CRM-457

yes

yes

yes

yes

yes

yes

yes

yes

yes

2:1

2:1

Assay name
Manufacturer

Assay type

Sample size (µL)

Tg

Immulite

Access

2000

Beckman

Siemens,

Coulter, USA

Tg

standardization
Functional

125

I-MAb

125

I-MAb

1:2

125

I-MAb

PAb

0.1

0.9

0.5

<1.0

<0.9

<0.2

0.7

0.3

<0.5

Reference range

1.6-50

1.6-59.9

3.2-56.7

1.4-78

3.2-56.7

2-70

0-50

2-70

0.3-58

(µg/L)

<35*

Intra-assay CV (%)

2-4.4

4.8-6.8

3.6-6.4

0.6-3.8

3.9-6

1.5-5.6

1.7-7

1-13.9

0.6-6.7

Inter-assay CV (%)

2.2-6.6

5.6-10

3.6-22

2.2-3.6

5.8-23

2.2-9.9

4.6-14.6

1.1-21

3.1-13

(Package

(Package

(Package

(Package

(Package

(Package

(Package

(Package

(Package

Insert, 2011a)

Insert, 2006)

Insert, 2000b)

Insert, 2013)

Insert, 2000a)

Insert, 2011c)

Insert, 2009c)

Insert, 2011d)

Insert, 2008a)

sensitivity (µg/L)

Reference
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Tg

Tg

Tg

Tg DRG

Tg DRG

Tg

Tg Medizym

hTg Medizym

Tg

DELFIA

DIAMETRA

RayBIo

4126

3377

Immuno

3807

4018

RSR

PerkinElmer,

DiaMetra,

RayBiotech,

DRG,

DRG,

I-Diagnostik,

Medipan,

Medipan,

Cardiff,

Finland

Italy

USA

USA

USA

Germany

Germany

Germany

UK

Assay type

IFMA

ELISA/IEA

ELISA/IEA

ELISA/IEA

ELISA

ELISA

ELISA/IEA

ELISA/IEA

ELISA

Capture antibody

MAb

MAb

MAb

MAb

PAb

PAb

MAb

MAb

MAb

Eu-MAb

HRP-MAb

HRP-MAb

HRP-MAb

HRP-PAb

P-PAb

HRP-MAb

HRP-MAb

HRP-MAb

50

50

100

50

50

50

50

25

50

Specimen

serum/plasma

serum

serum/plasma

serum

serum

serum/plasma

serum

serum

serum

CRM-457

no

yes

?

yes

yes

?

yes

yes

yes

0.25

1

1

1.9

0.03

0.016

Assay name
Manufacturer

Tracer
Sample size (µL)

standardization
Functional

maybe
?

sensitivity (µg/L)
Reference range

0.44

<0.2

(analytical)

(analytical)

(analytical)

1.7-35

3.5-56

0.2-50

5-40

2-50

<50

2-70

2-70

1.5-590

Intra-assay CV (%)

2.9-3

3.6-6.6

<10

4.9-8

1.9-3.2

10.2

3-13

??

4.6-5.9

Inter-assay CV (%)

3.8-4.8

5.7-9

<12

5.4-9.7

1.1-1.7

14.8

5-25

??

4.1-9.5

(Package

(Package

(Package

(Package

(Package

(Package

(Package

(Package

(Package

Insert, 2007)

Insert, 2012)

Insert, 2014)

Insert, 2011b)

Insert, 2009a)

insert, 2010)

Insert, 2008b)

Insert, 2008c)

Insert, 2015a)

(µg/L)

Reference

ICLA, immunochemiluminometric assay; IRMA, immunoradiometric assay; IFMA, immunofluorometric assay; ELISA, enzyme-linked immunosorbent assay; IEA,
immunoenzymometric assay; LIA, immunoluminometric assay; MAb, monoclonal antibodies; PAb, polyclonal antibodies; AP, alkaline phosphatase;

125

I, 125 iodine; HRP,

horseradish peroxidase; Eu, europium; P, peroxidase; Acr, acrinidium; CV, coefficient of variation. * Access2
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4.5.

Tg reference material (CRM-457)

The CRM-457 Tg reference material (sponsored by the Community Bureau of Reference,
Brussels) is a purified material with concentration 0.324±0.018 g/L (Feldt-Rasmussen et al.,
1996a; Feldt-Rasmussen et al., 1996b). In 1993, the reference material was extracted from
human thyroids gland of nine patients operated for thyroid adenoma and was then pooled,
aliquoted, lyophilized and sealed in glass ampoules (Feldt-Rasmussen et al., 1996a).
Although the most appropriate origin of a Tg reference material would be from a human
serum, the Community Bureau of Reference justified the choice of using human thyroid
gland as a source for purification of Tg, as the concentration in human serum was too low to
allow purification of a sufficient amount of reference material (Feldt-Rasmussen et al.,
1996a). Since 1993, the material is stored at -70°C at the Community Bureau of Reference in
Brussels and is shipped upon request. Although in 1996 the stability of CRM-457 was
investigated, it may be time now to produce a pool of fresh, human based serum, Tg
reference material (Feldt-Rasmussen et al., 1996a). According to a recent study, long-term
storage might have changed the epitope composition of the reference material by
degradation or unfolding (Giovanella et al., 2015).
The CRM-457 reference material was introduced to reduce the inter-assay variability, to
increase methods standardization and to allow the comparison of serum Tg values obtained
from different Tg assays (Demers and Spencer, 2003; Zimmermann et al., 2006). The interassay variability was reduced from 43% to 29% after the introduction of CRM-457 reference
material (Bilek and Zamrazil, 2009; Spencer and Wang, 1995).
Despite the effort to standardize the serum Tg assays, serum Tg values between different
techniques (RIA and IRMA) and within the same techniques (RIA vs. RIA or IRMA vs. IRMA)
show a two-to-four fold difference in serum Tg concentrations (Demers and Spencer, 2003;
Iervasi et al., 2007; Ross et al., 2008; Schlumberger et al., 2007; Spencer et al., 2014; Spencer
et al., 2005). Figure 8 shows the between method variability in four TgAb negative serum
samples (a-d) measured by 51 laboratories using 10 different methods (Spencer et al., 2014).
The mean of one sample measured with 9 different IMAs ranged from of 0.6 to 10.3 μg/L
(MacKenzie, 2011).
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4.6.

Tg measurement in whole blood spots

The first assay for measurement of serum and DBS-Tg was developed and evaluated in 1994
(Missler et al., 1994). The assay principle was based on the dissociated enhanced lanthanide
fluorescence (DELFIA) technique and standardized using the CRM-457 Tg reference
preparation (Missler et al., 1994). Nine years later, another study described the
development and testing of a serum Tg assay on DBS using the commercially available
DELFIA Tg assay (PerkinElmer, Finland) (Zimmermann et al., 2003). In both DBS assays the
intra- and inter-assay CV were high for Tg concentrations at the lower end of the usual
range. Higher variability was observed in sample duplicates than in control duplicates,
indicating that sampling of whole blood spots can be a source of measurement bias
(Zimmermann, 2004).
In 2006 the DELFIA DBS-Tg assay was standardized with CRM-457 reference material. There
was an excellent correlation between CRM-457 calibrators and DELFIA kit calibrators
(Zimmermann et al., 2006). In 2013, in a study conducted in SAC, DBS samples were
measured with the DELFIA DBS-Tg assay calibrated with both the DELFIA kit calibrators and
the CRM-457 calibrators. The median DBS-Tg in SAC using the DELFIA calibrators was ~40%
lower than the median DBS-Tg measured with CRM-457 calibrators (Zimmermann et al.,
2013). In 2007, due to low sales demand and revenues, the production of the serum DELFIA
Tg assay was discontinued.

4.7.

TgAb measurement

TgAb assays employing RIA and IRMA techniques are subject to large differences in
methodology, sensitivity, specificity, cut-off values and antibody specificity (FeldtRasmussen, 1996; Feldt-Rasmussen et al., 1991). The RIA methodology is generally less
prone to TgAb interference than IRMA methodology (Demers and Spencer, 2003; Spencer,
2004).
4.7.1. TgAb reference material (MRC 65/93)
The International Reference Preparation MRC 65/93, available from the National Council for
Biological Standards and Control in London, UK, is used to standardize and calibrate any
TgAb assay (Demers and Spencer, 2003; WHO, 2013). This reference material was prepared
and lyophilized in 1978 from a pool of human serum samples containing antibodies to Tg
(WHO, 2013). The TgAb concentration in each ampoule is 1000 IU (WHO, 2013). It may be
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necessary to prepare new fresh reference material soon, as the current reference is 38 years
old and may have degraded over time (Demers and Spencer, 2003).
4.7.2. TgAb interference
There is a weak correlation between Tg concentration and the magnitude of TgAb
interference and the relationship is difficult to interpret (Okosieme and Lazarus, 2004;
Spencer, 2004). The magnitude and direction (under- or over-estimation) of TgAb
interference depends on the assay used (RIA or IRMA) and on the affinity and specificity of
the first and second antibodies against endogenous TgAb (Benvenga et al., 2002; Clark and
Franklyn, 2012; Demers and Spencer, 2003; Spencer, 2004; Spencer et al., 2005; Spencer et
al., 1998). The magnitude of the TgAb interference tends to be greater at low Tg
concentrations when most of the Tg is complexed with TgAb (Spencer and LoPresti, 2008).
Low TgAb concentrations may be associated with strong interference with the Tg
measurement (Spencer, 2004), whilst high TgAb concentrations may show no evidence of
interference (Giovanella et al., 2015; Verburg et al., 2013). Discordance between the
measurements of serum Tg concentrations in TgAb positive or TgAb negative subjects has
been observed for both the methods RIA or IRMA (Spencer, 2004).
It is difficult to determine the factors causing the interference (Okosieme and Lazarus, 2004).
No Tg method can be claimed to be free from TgAb interference. TgAb interference with RIA
methods can be bidirectional, i.e. under- and overestimation, and leads to falsely low or high
values (Feldt-Rasmussen and Rasmussen, 1985; Schneider and Pervos, 1978). Falsely high
results can be caused by antibodies that sequester tracer or block the assay antibody, or by
cross-linking of capture and detection antibody in two-site assays (Halsall, 2013). Falsely low
results are rare and in this case the interfering antibodies prevent displacement of the tracer
from the detection antibody (Halsall, 2013). TgAb interference with IRMA methodology can
be only unidirectional, i.e. underestimation, and lead to falsely low values (Cubero et al.,
2003; Spencer et al., 1998). Blocking the binding of either the capture or detection antibody
in two-site assays can cause falsely low values (Crane et al., 2013; Halsall, 2013). Falsely
elevated values may cause unnecessary investigation and intervention, while falsely low
values may result in the potentially more serious scenario of missing recurrent or metastatic
disease (Okosieme and Lazarus, 2004).
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Depending on the TgAb method used, it can be that a subject is classified TgAb negative by
one method and TgAb positive by another one (Benvenga et al., 2002; Latrofa et al., 2012;
Pickett et al., 2012; Spencer et al., 2011; Spencer et al., 1998). Therefore, the results from
different TgAb assays cannot be used interchangeably. Discrepancies in the results may
represent differences in: antibody specificity and epitope expression; analytical sensitivity
limits; heterogeneity of TgAb; Tg interference; assay reagents and standards used; and in
concentrations and cut-off values used to define positive and negative TgAb results (Clark
and Franklyn, 2012; Feldt-Rasmussen and Rasmussen, 1985; Krahn and Dembinski, 2009;
La'ulu et al., 2007; Lindberg et al., 2001; Pickett et al., 2012; Spencer and Fatemi, 2013;
Spencer et al., 2011; Spencer et al., 2005; Taylor et al., 2011). To avoid misinterpretation of
Tg and TgAb results, the same technique (RIA or IRMA) should be used when measuring
serum Tg and TgAb concentrations.
4.7.3. TgAb assay in whole blood spots
In 2004 a serum ELISA TgAb assay was adapted to work with DBS specimens (Hofman et al.,
2004). The DBS-TgAb required an extraction step at the beginning: a 6 mm spot was
preincubated with 100 μL of kit diluent for 30 min (Hofman et al., 2004). The elution (50 μL)
was processed in the same way as a diluted serum sample and the procedure was continued
as described in the package insert (Package Insert, 2009b).
In 2013 the same assay was validated and used to screen TgAb prevalence in pregnant
women (Foley et al., 2013). Serum TgAb assays, originally developed by RSR Ltd (Cardiff, UK),
were purchased from KRONUS (Boise, Idaho) under the name of Kalibre ELISA TgAb assay
(Kronus, Idaho KR7280). Kalibre ELISA TgAb and TgAb ELISA V2 are the same kits: the first
one is sold in the US and the second one in Europe. In 2006 a RIA assay (TgAb RIA, RSR Ltd,
Cardiff, UK) for serum TgAb was adapted for measurement on DBS cards (Zimmermann et
al., 2006). The DBS-TgAb required an extraction step: a 4.75 mm spot was preincubated with
50 μL of kit diluent for 1h (Torresani and Fingerhut, 2016). The serum procedure was then
followed according to the package insert (Package Insert, 2015c).
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4.8.

Tg reference ranges and cut-offs

Establishing reference ranges and cut-off values for serum and dried whole blood spot Tg is a
challenging task. Besides differences between Tg assays and analytical problems related to
Tg measurement (see Section 4, page 34), the main difficulty in extrapolating cut-off values
determined for one study population to another is significant assay bias, particularly at low
concentrations of Tg where the functional sensitivity limit is closed to the lower reference
limit (Clark and Franklyn, 2012; Spencer and Petrovic, 2010).
According to the NACB guidelines (Demers and Spencer, 2003), subjects used to establish Tg
reference range should meet the following inclusion criteria: euthyroid (normal TSH and TT4
concentrations); no goiter (palpable or visible); no cigarette smoking; no personal or family
history of thyroid disease and no presence of TgAb.
4.8.1. School-aged children
In 2006 a DBS-Tg reference interval in iodine-sufficient, euthyroid, TgAb negative SAC was
established (Zimmermann et al., 2006). The median (IQR) DBS-Tg was 14.5 (9.4-22.7) μg/L
and the reference range was 4-40 μg/L (Zimmermann et al., 2006). In 2013 a median DBS-Tg
of <13 μg/L was suggested to indicate iodine sufficiency in SAC population (Zimmermann et
al., 2013). This reference range is nearly the same as the reference range proposed for
serum Tg in adults (see Section 4.8.2).
4.8.2. Adults
The serum Tg reference range in iodine-sufficient adults is approximately 3-40 μg/L (Demers
and Spencer, 2003; Spencer et al., 1998). In 1994 and in 2009, a median serum Tg <10 μg/L
was suggested to identify iodine sufficiency in adult population (Vejbjerg et al., 2009; WHO
et al., 1994). Gender-related reference ranges are not justified (Premawardhana et al.,
1994).
4.8.3. Pregnant women
Few studies report serum Tg changes during pregnancy and these studies are inconclusive
regarding the need of trimester-specific Tg reference range (see Section 3.7 and Table 6). A
2013 study suggested that a median serum Tg <20 μg/L may indicate iodine sufficiency
(Moreno-Reyes et al., 2013) and another one proposed a serum Tg reference range of 0.9411.9 μg/L for iodine-sufficient pregnant woman (Han and Liu, 2013).
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4.9.

Biological variability of Tg and TgAb

All thyroid analytes display greater inter-individual variability than intra-individual variability
(Demers and Spencer, 2003). Inter-individual variability of serum Tg (≈35%) is 2.5 times
higher than intra-individual variability (≈14%) (Feldt-Rasmussen et al., 1980). Differences in
thyroid mass and TSH status between individuals, which influence serum Tg concentrations,
could be the reason for high inter-individual variability (Spencer and Wang, 1995). In a study
conducted in 2007, within-subject variability was 8.5% for TgAb and 16.2% for Tg and
between-subject variability was 82% for TgAb and 39% for Tg (Jensen et al., 2007).
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5.

Results from development steps toward establishing new serum and
DBS-Tg assays and a new DBS-TgAb assay: unpublished data

5.1.

Development and validation of a new serum Tg ELISA assay

Since the interest on Tg and Tg as iodine biomarker has rapidly expanded in recent years and
the earlier DELFIA DBS-Tg assay is no longer available, we identified a need to develop and
validate a new serum and DBS-Tg ELISA assay (see Section 3.6, 3.7 and 4.6). Several steps
and tests were carried out before the final protocol was developed. First we had to find the
suitable pair of monoclonal antibodies (capture-detection).
We tested the monoclonal mouse anti-human Tg pair 5E6cc-5F9cc from HyTest, the murine
anti-human Tg pairs ABIN617663-ABIN617662, ABIN236489-ABIN236488, ABIN236489ABIN376251 and ABIN236489-ABIN376261 from Ab-Online. We also intended to test the
one used in the DELFIA Tg assay from PerkinElmer, the monoclonal anti-human Tg from
DAKO, but the production was discontinued in 2007. We chose to use the HyTest MAb pair
5E6cc-5F9cc (Catalogue #2TG12cc) for he new assay. These Abs are claimed to not interfere
with TgAb.
Second, we tested two different liquid substrates: supersensitive TMB T4444 (Sigma Aldrich)
and 1-Step Ultrasensitive TMB (Thermo Fisher Pierce). We selected TMB T4444 because it
gave an appropriate color reaction within 15-30 min, lower CV and less background noise
compared to 1-Step Ultrasensitive TMB.
Third, we assessed the influence of distilled water produced in-house vs. distilled water
bought at the supermarket in the production of reagents. We observed no difference in the
quality and results between the two waters. For costs and practical reasons, we decided to
use distilled water produced in-house.
Fourth, we selected different Tg controls (Monobind, Immulite 2000, Randox Immunoassay
Premium Level, Liquicheck Immunoassay Plus, Liquickeck Immunology, Liquicheck Tumor
Marker, Medipan, in-house) to check the reproducibility and variability of the assay
compared to other commercially available kits. The Monobind and Randox Tg controls were
not available in Europe, while Immulite 2000 gave values outside the calibration range and
dilution steps did not improve performance. Liquichek Immunology and Immunoassay Plus
controls did not outline any values for Tg in the information sheets. We assessed the
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concentration with Immulite 2000 and with our ELISA assay and in both cases the
concentrations of the three levels were too low and too close to each other (concentration
of C1 was similar to that of C2 and C3).
The Liquichek Tumor Marker, the Medipan and in-house controls were the only valid
alternative to the above controls. We tested the concentrations with Immulite and our new
ELISA and the values were comparable between the two assays. The Medipan Controls were
provided together with the Medizym Tg kit and it was not possible to order them separately.
Finally, we decided to use the Liquichek Tumor Marker as calibrators instead of the pure Tg
reference material CRM-457 (see Section 5.6) and to prepare in-house quality controls for
both serum and DBS assay. To check the reproducibility of our serum assay we assessed the
intra- and inter-assay CV of the Medipan Patient Sera Control (19.6 μg/L, range 15-23 μg/L).
The intra-assay concentration was 17.5 (15-20.7) μg/L, CV 23.4% (n=10); the inter-assay
concentration was 16.8 (16.3-17.5) μg/L, CV 9.7% (n=17).

5.2.

Development and validation of a new dried blood spot Tg ELISA assay

The serum Tg ELISA (see Section 5.1) was adapted to work with DBS samples. The materials,
reagents, antibodies, calibrators, and quality-control samples were the same as the ones for
the serum Tg ELISA. To adapt and optimize the assay for the small amount of blood (6-12 μL)
present in the DBS samples, different disc sizes (3 mm, 4.75 mm, 6 mm diameter) and
elution procedures were tested with several protocol variations. A direct elution of a 6 mm
disc with 150 μL wash buffer in the coated plate at 4°C for at least 16h provided the best
response.
Other procedures, including varying amount of wash buffer (50, 100, 200, 300 μL/well)
added to the material extracted from the spot, varying punched disc sizes (3 mm, 4.75 mm,
2x3 mm diameter) and incubation at 37°C were tested, all resulted in a higher CV.

5.3.

Development and validation of a new dried blood spot TgAb ELISA assay

Inspired by previous works (see Section 4.7), we adapted and validated a serum TgAb ELISA
assay (TgAb ELISA Version 2, RSR Ltd, Cardiff, UK) to work with DBS specimens. Controls,
calibrators and finger prick blood from patients were spotted on the filter paper cards. Table
8 shows a selection of the different protocols tested for DBS-TgAb analyses. For the assay a,
b and c we tested different disc sizes (3 mm, 2x3 mm, 4x3 mm, 4.75 mm). Other procedures,
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including varying the amount of wash buffer (50, 100, 200, 300 μL/well) added to the
material extracted from the spot and different shaking speed did not improve the results.
Three steps were fundamental in the successful adaption of the serum assay to work with
whole blood specimens.
First, the DBS extraction process was carried out in an uncoated plate, where a 6 mm disc
was punched and 100 μL assay diluent were added. After 1h shaking at 800 rpm, 50 μL of
elution (=eluate) was transferred to the coated plate. The procedure was continued as
described in the package insert (Package Insert, 2015b).
Second, to overcome the problem of low calibrator absorbances and consequently low
concentrations of calibrators compared to the higher concentrations of controls and
samples, the calibration curve was constructed using liquid standards from the serum kit
with the addition of 50 μL eluate from DBS calibrators.
Third, the plate was read at 405 and 650 nm, instead of 405 nm only, in order to avoid
background interference. The results were calculated using a 4-parameter calibration curve
and with logit-log. The logit-log plot resulted in lower CV and better R2 values than the 4parameter. Our choice is further supported by the previous results of Hofman et al. (Hofman
et al., 2004).
The intra-assay CV (n=13) and inter-assay CV (n=24) were 7% and 14% at 150±50 u/mL, and
8% and 10% at 520±150 u/mL, respectively.
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Table 8. Selection of different protocols tested to optimize the serum TgAb ELISA v2 to work in whole blood spots
Serum

Add 50 μL undiluted
calibrators to
coated plate
Add 50 μL diluted
samples
(1:20) to coated
plate

Final whole blood assay

Assay a

Assay b

Assay c

Add whole blood spot (6 mm)
and 100 μL assay diluent

Add whole blood spot (6 mm)
and 100 μL assay diluent

Add whole blood spot (6 mm)
and 100 μL assay diluent

Incubate plate for 1h at 800 rpm

Incubate plate for 1h at 800 rpm

Incubate plate for 1h at 800 rpm

Add whole blood spot (6 mm)
and 100 μL assay diluent
Incubate plate overnight
without shaking

Add 50 μL liquid serum calibrators +
50 μL DBS calibrators eluate to coated
plate
Add 50 μL samples and controls eluate
to coated plate

Dilute the eluate
(1:3, 1:5, 1:10, 1:15, 1:20)
Add 50 μL samples, controls,
calibrators eluate to coated plate

Add 50 μL diluted samples, controls,
calibrators eluate to coated plate

Add 50 μL samples, controls,
calibrators eluate to coated plate

Incubate plate for 15 min at 500 rpm
Wash plate 3 times with 300 μL wash solution
Pipette 100 μL conjugate
Incubate plate for 15 min at 500 rpm
Wash plate 3 times with 300 μL wash solution
Pipette 100 μL liquid substrate
Pipette 100 μL stop solution
Read the plate at
405 nm
Plot a 4-parameter
calibration curve
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Read the plate at 405 and 650 nm

Read the plate at 405 and 620 nm

Read the plate at 405 and 620 nm

Read the plate at 405 and 620 nm

Plot a logit-log calibration curve

Plot a logit-log and
a 4-parameter calibration curve

Plot a logit-log and
a 4-parameter calibration curve

Plot a logit-log and
a 4-parameter calibration curve
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5.4.

Comparison serum TSH/TT4 vs. DBS TSH/TT4

We analyzed samples from Thai (n=1125) and Indian (n=712) pregnant women collected
from all three trimesters of pregnancy in both serum (Immulite 1000/2000) and DBS
specimens (DELFIA TSH and TT4 neonatal kit). The serum samples from Thai women were
measured with Immulite 2000 and the serum samples from Indian women with Immulite
1000.
5.4.1. Conversion factor between serum TSH and DBS-TSH
In Thai pregnant women we found a conversion factor of approximately 2.5 between serum
and DBS. In Indian pregnant women the conversion factor was approximately 1.5. Pooling
both datasets, we found a conversion factor of approximately 2. This means that 2 serum
units are equivalent to 1 whole blood unit.
5.4.2. Conversion factor between serum TT4 and DBS-TT4
In Thai pregnant women we found a conversion factor of approximately 1.8 between serum
and DBS. In Indian pregnant women the conversion factor was approximately 1.4. Pooling
both datasets, we found a conversion factor of approximately 1.6, suggesting that in
pregnant women serum TT4 is not directly comparable with DBS-TT4. This means that 1.6
serum units are equivalent to 1 whole blood unit.

5.5.

Comparison between serum Tg methods

We collected serum and plasma EDTA from 13 TgAb negative subjects from our laboratory.
5.5.1. Serum vs. plasma EDTA with Immulite 2000
Serum and plasma Tg concentrations were measured with Immulite 2000 to assess the
influence of EDTA on Tg values. The mean±SD Tg concentration in serum was 13.6±4.1 μg/L
and in plasma 4.5±2.3 μg/L (p<0.0001). The correlation between the two samples was
r=0.69, R2=0.47 (p<0.01). The Bland-Altman analysis confirmed lower concentrations
measured by the plasma samples. The EDTA results were 3 times lower than the ones of
serum. These results confirmed the warning included in the Package Insert of Immulite 2000:
that EDTA should not be used as anticoagulant in blood samples used to measure Tg
concentration (Package Insert, 2006).
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5.5.2. Serum vs. plasma EDTA with new ELISA assay
We assessed the influence of EDTA on Tg concentrations using the newly developed Tg ELISA
assay. The geometric mean (95% CI) Tg concentration in serum was 14.1 (10.8-18.9) μg/L
and in plasma 15.6 (10.6-23.7) μg/L. The geometric mean did not differ significantly between
samples (p=0.49), meaning that both serum and plasma samples can be assessed with our
ELISA assay and no conversion factor is needed. The correlation between the two groups
was r=0.69, R2=0.48 (p=0.018).
5.5.3. Immulite 2000 vs. Medizym ELISA
Serum samples were measured with Medizym Tg assay (Medipan GMBH) and the Immulite
2000. The mean±SD Tg concentration with Medizym was 39.1±11.1 μg/L and 14.0±5.1 μg/L
with the Immulite 2000 (p<0.0001). The correlation between the two methods was r=0.45,
R2=0.20 (p=0.17). The Bland-Altman analysis confirmed lower concentrations measured by
the Immulite assay. The concentrations with the Immulite were 2.8 times lower than the
Medizym kit.
5.5.4. New ELISA assay vs. Medizym ELISA
We measured serum samples with Medizym Tg assay (Medipan GMBH) and the new serum
ELISA assay. The mean±SD Tg concentration with Medizym was 39.1±11.1 μg/L and
15.8±8.7 μg/L with the new serum Tg ELISA assay (p<0.0001). The correlation between the
two methods was r=0.36, R2=0.13 (p=0.27). The Bland-Altman analysis confirmed lower
concentrations measured by the new Tg assay. The concentrations with the ELISA assay were
2.5 times lower than the Medizym kit.
5.5.5. Immulite 2000 vs. new ELISA assay
Serum samples were measured with Immulite 2000 and the new serum ELISA assay. The
mean±SD Tg concentration with Immulite was 14±5.1 μg/L and 15.8±8.7 μg/L with the new
serum Tg ELISA assay. The mean Tg did not differ significantly between methods (p=0.42),
meaning that both assays can be used interchangeably and no conversion factor is needed.
The correlation between the two methods was r=0.56, R2=0.31 (p=0.07).
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5.6.

Comparison between CRM-457 and Bio-Rad Tumor Marker Controls

We tested the comparability between the CRM-457 reference material and the Tumor
Marker Controls. We derived two calibration curves: the first one with CRM-457 standards in
the range 0-160 μg/L (0, 10, 20, 40, 80, 160) and the second one with Tumor Marker
Controls in the range 0-129 μg/L (0, 4.84, 10, 20, 51.4, 129). Then, we measured Tg
concentration in 10 serum samples with the two calibration curves. The geometric mean
(95% CI) Tg concentration was 19 (13-31.9) μg/L with the CRM-457 and 20.2 (15.2-30.3) μg/L
with the Tumor Marker. The geometric mean did not differ significantly between samples
(p=0.28), suggesting that the calibrator’s materials are interchangeably and the new serum
Tg assay is CRM-457 standardized. The correlation between the two samples was r=0.99,
R2=0.99 (p<0.0001). In a second test, serum samples obtained from 166 pregnant women in
the first trimester were measured with both calibration curves. The geometric mean (95%
CI) Tg concentration was 16.9 (15.7-18.3) μg/L with the CRM-457 and 15.2 (13.7-16.8) μg/L
with the Tumor Marker. The geometric mean was significantly different between samples
obtained with CRM-457 and Tumor Marker (p<0.0001). The correlation was r=0.81, R2=0.65
(p<0.0001; Figure 9A). The difference in Tg concentrations between the methods was a
function of the mean CRM-457 and Tumor Marker concentration (X; Figure 9B). The mean
difference between the methods was -0.21X+4.55 μg/L; the limits of agreement were
-0.21X+14.7 μg/L and -0.21X-5.6 μg/L.
A

B

Figure 9. A) Correlation plot for Tg between the CRM-457 and Tumor Marker (n=166). Axis values are back2

transformed data presented on a log scale. The regression line is computed on log data (R =0.65, p<0.0001). B)
Bland-Altman plot for Tg between the CRM-457 and Tumor Marker (n=166). Solid line: mean difference (μg/L);
dashed lines: 95% limits of agreement expressed as a function of the mean X calculated based on the
regression approach (Bland and Altman, 1999)
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These results did not confirm our previous findings; therefore we decided against using the
CRM-457 calibrators for the new serum ELISA assay. For calibration purposes, Tumor Marker
Controls were found to be more suitable than purified CRM-457 Tg material (See Section
4.5), since they are extracted from human serum, have a specific value and range, and are
ready to use. The use of serum Tumor Marker Controls allows us to minimize matrix effects
and maximize comparability between calibrators, controls, and samples.

5.7.

Comparison between dried blood spot Tg methods

DBS samples obtained from 146 pregnant women in the first, second and third trimester
were measured with DELFIA DBS-Tg assay (PerkinElmer) and the new DBS-Tg ELISA assay.
The geometric mean (95% CI) DBS-Tg concentration with ELISA was 7.7 (6.6-8.9) μg/L and
7 (5.9-8.3) μg/L with DELFIA (p=0.56). The correlation between the two methods was r=0.25,
R2=0.06 (p=0.003, Figure 10A). The geometric mean did not differ significantly between
methods, indicating that the new ELISA DBS-Tg assay is comparable with the previous DELFIA
DBS-Tg assay. The geometric mean ratio of the individual DBS-Tg concentrations
(ELISA/DELFIA assay) was 1.1 (Figure 10B). The difference between the two methods was
proportional to the Tg concentration. The limits of agreement, expressed as a function of the
mean Tg (X) for the two methods, were 2X μg/L and -2X μg/L.
A

B

Figure 10. A) Correlation plot for Tg between the ELISA and DELFIA assay (n=146). Axis values are back2

transformed data presented on a log scale. The regression line is computed on log data (R =0.06, p<0.01). B)
Bland-Altman plot for Tg between the ELISA and DELFIA (n=146). Solid line: mean difference ratio; dashed lines:
95% limits of agreement expressed as a function of the mean X computed using log data (Euser et al., 2008)
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5.8.

Comparison between TgAb methods

5.8.1. Immulite 2000 vs. RSR ELISA
Serum samples obtained from 111 pregnant women in the first trimester were measured
with Immulite 2000 and the RSR ELISA. The Immulite 2000 reference range for TgAb negative
samples is from non-detectable to 40 IU/mL. The assay cut-off of the ELISA assay for TgAb
negative samples is <65 IU/mL. All the serum samples (n=111) measured with Immulite 2000
were classified as TgAb positive (>40 IU/mL). Sixty-four samples (n=64) were classified as
TgAb negative and forty-seven (n=47) as TgAb positive when measured with ELISA assay. The
correlation between the two methods was r=0.33, R2=0.11 (p<0.001). We decided to apply
the TgAb negative cut-off to the Immulite results. In this way we obtained 67 samples
classified as TgAb negative and 44 as TgAb positive. The reasons for discordance between
TgAb assays are reported in Section 4.7.2.
5.8.2. RSR ELISA vs. RSR DBS-TgAb ELISA
Serum and DBS samples obtained from 35 pregnant women in the first trimester were
measured with RSR ELISA assay. The assay cut-off for serum and DBS samples was the same,
i.e. for TgAb negative samples <65 IU/mL and for TgAb positive samples ≥65 IU/mL. Eighteen
(n=18) serum samples were classified as TgAb positive and 17 as TgAb negative. Six DBS
samples were classified as TgAb positive and 29 as TgAb negative. The correlation between
the two methods was r=0.41, R2=0.16 (p=0.015).
The reasons for discordance between TgAb assays are reported in Section 4.7.2. Also, it
should be noted that both serum and DBS samples were relative old (>6 years) and kept
under different storage temperature. The DBS samples were stored for periods at 4°C, at
room temperature, and at -20°C before TgAb analysis. The serum samples were stored at 4°C
and -20°C, and they underwent several freeze-thaw cycle before being measured. These two
factors could have been responsible for TgAb degradation and measurements bias. In 2007,
it was shown that the concentrations of TgAb in serum samples obtained from pregnant
women increased with extended storage time. The causes of changes in TgAb instability
during long-term storage are still uncertain and probably due to several factors (Mannisto et
al., 2007).
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Abstract
Thyroglobulin (Tg), a biomarker of iodine nutrition, can be measured on dried blood spots
(DBS), which simplifies collection and transport in surveys. The World Health Organization
recommends DBS-Tg for monitoring iodine status in children. It could also be a useful iodine
biomarker during pregnancy. However, the Tg antibody (Ab) used in earlier DBS-Tg assays is
no longer commercially available. The aims of the present study were: (i) to develop a new
low-cost serum and DBS-Tg sandwich enzyme-linked immunosorbent assay for assessment
of Tg in population studies; (ii) to check the stability of DBS-Tg during long-term storage; and
(iii) to assess within-subject variability in DBS-Tg. Serum and DBS samples were measured
from healthy pregnant women (n=424) with the new assays, as well as the Immulite 2000
(Siemens), including TgAb positive (n=150) and TgAb negative (n=274) women. DBS-Tg
stability was tested over 15 weeks of storage at -20°C. Within-subject variability was
evaluated over four weeks in four healthy adults. Intra-assay and inter-assay variability was
4.4-7.3% and 10.1-12.9% for the new serum Tg assay, and 7.6-12.3% and 7.6-16.5% for the
DBS-Tg assay. Correlation between the two serum methods was high (r=0.68, p<0.01). Assay
performance in all women and those TgAb negative was comparable. Correlation between
the new serum Tg assay and the DBS-Tg assay was high (r=0.78, p<0.01), and agreement
expressed as a function of the average Tg concentration for the two methods (X) was 0.59X4.59 μg/L. DBS-Tg was stable for 15 weeks stored at -20°C. Within-subject variability in DBSTg was 21.1%. Reagents and antibodies costs for the new serum and DBS assays are ~US$1.
These new low-cost serum and DBS-Tg assays perform well over a wide range of Tg
concentrations, and the field-friendly DBS assay may be particularly useful in population
studies of iodine nutrition.

KEYWORDS: dried blood spots, DBS, ELISA, iodine, serum, thyroglobulin, Tg

Abbreviations: Ab, antibody; CV, coefficient of variation; DBS, dried blood spots; ELISA, enzyme
linked immunosorbent assay; IDD, iodine deficiency disorders; Tg, thyroglobulin; TgAb, antithyroglobulin antibodies; TSH, thyroid-stimulating hormone; UIC, urinary iodine concentration;
WHO, World Health Organization.
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Introduction
Despite progress to control iodine deficiency disorders (IDD) through salt iodization, 30
countries remain iodine-deficient (Pearce et al., 2013). The recommended iodine exposure
biomarker in populations is urinary iodine concentration (UIC) (WHO et al., 2007). A
promising functional biomarker is serum or dried blood spot thyroglobulin (Tg) (Skeaff, 2012;
WHO et al., 2007). Tg is a thyroid-specific protein and a storage and synthesis site for thyroid
hormones (Okosieme and Lazarus, 2004). Serum Tg reflects the mass of thyroid tissue,
physical damage or inflammation of the thyroid, and the degree of TSH stimulation (Spencer
and Petrovic, 2010; Spencer et al., 1996).
Tg is a more sensitive functional biomarker of iodine nutrition compared to TSH or thyroid
hormones (Vejbjerg et al., 2009) and reflects iodine nutrition over a period of weeks to
months (Benmiloud et al., 1994; Rasmussen et al., 2002; Zimmermann et al., 2006;
Zimmermann et al., 2003). Serum Tg is elevated in iodine deficiency and in iodine excess
(Benmiloud et al., 1994; Buchinger et al., 1997; Cahoon et al., 2013; de Vijlder et al., 1999;
Knudsen et al., 2001; Missler et al., 1994; Vejbjerg et al., 2009; Zimmermann et al., 2013).
However, Tg measurement remains technically challenging and inter-assay variability is high
(Spencer et al., 1996). Despite the introduction of a Tg Certified Reference Material (CRM457), comparisons between different assays continues to be difficult, because: (i) some
methods are still not CRM-457 standardized; (ii) the coefficient of variation (CV) between Tg
methods may be as high as 30%; (iii) most assays have a functional sensitivity limit that is
close to the lower reference limit; and (iv) antithyroglobulin antibodies (TgAb) can confound
Tg measurements (Feldt-Rasmussen et al., 1996; Spencer et al., 2005; Spencer and Petrovic,
2010; Spencer et al., 1996).
Collection of DBS by a finger prick onto filter paper cards is a field-friendly way to assay Tg
and thyroid hormones (Zimmermann et al., 2013). It is particularly useful in population
based field studies in remote areas with poor infrastructure. Its advantages include: less
invasive sampling, lower/reduced blood volume collection, and ease of sample handling,
shipment and storage at room temperature or cooled to 4°C. DBS-Tg correlates well with UIC
and thyroid size, and can be used in conjunction with these indicators in monitoring iodine
status in populations (WHO et al., 2007). The authors previously developed a two-site
dissociation enhanced lanthanide fluorescent immunoassay (DELFIA) for DBS-Tg
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(Zimmermann et al., 2003) and DBS-Tg was recommended by the World Health Organization
(WHO) in 2007 for monitoring iodine status in school-aged children (WHO et al., 2007;
Zimmermann et al., 2006). Tg could also be a valuable biomarker of iodine nutrition during
pregnancy, because iodine requirements and UIC reference ranges during this critical period
remain uncertain. Unfortunately, the commercial antibody used for our previous DELFIA
assay is no longer available. Therefore, the present study aims were to develop and test a
new serum and DBS-Tg enzyme-linked immunosorbent assay (ELISA). The study also
assessed the effect of freeze-thaw cycles on the stability of serum Tg, the effect of long-term
frozen storage on the stability of DBS-Tg, and within-subject (day-to-day) variability in DBSTg.

Materials and Methods
Subjects
Blood samples were obtained from 424 healthy pregnant Thai women in their first or early
second trimester of pregnancy. Their median (range) age, gestational age, weight, height,
and BMI were 30 (16-41) years, 12 (4-26) weeks, 52 (36-90) kg, 1.58 (1.46-1.73) m, and 20.8
(14.3-35.4) kg/m2, respectively. Ethical committees at Wageningen University (The
Netherlands) and Mahidol University (Bangkok, Thailand) approved the study protocol.
Informed written consent was obtained from all subjects.
Sample preparation and storage
Whole blood samples were collected in heparin-treated Vacutainer tubes (BD Diagnostics,
Preanalytical Systems). The whole blood was centrifuged at 1260 x g (Centrifuge Multifuge
X3R, Thermo Scientific) for 10 min, and the serum was removed and pipetted into 1.5 mL
Eppendorf tubes. The serum was stored until analysis at -20°C. For the DBS samples, a drop
of pendulant blood was spotted from a finger prick onto filter paper cards (Whatman 903,
GE Healthcare) and the spots were allowed to dry at room temperature for 24h before they
were stored in sealed plastic bags at 4°C until analysis.
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Chemicals and materials
Chemicals: Distilled water (18 Ωm) was used for the preparation of all buffers and reagents.
The coating buffer phosphate buffered saline (PBS, pH 7.2±0.3) consisted of 0.15M NaCl
(VWR BDH Prolabo) and 0.01M phosphate buffer (Na2HPO4*12H2O and NaH2PO4*H2O,
VWR BDH Prolabo). The wash buffer (WB, pH 7.2±0.3) consisted of 0.15M NaCl, 0.01M
phosphate buffer and 0.1% Tween® 20 (Polysorbat, VWR BDH Prolabo). TMB liquid substrate
supersensitive (T4444 Sigma-Aldrich) was used to produce a soluble end product that is blue
in color and can be read spectrophotometrically. The TMB reaction was stopped with 1M
H2SO4 (95-97%, Sigma-Aldrich).
Antibodies: A monoclonal mouse Tg, IgG2a 5F9 (2TG12cc, HyTest Ltd.), and monoclonal
mouse anti-human Tg HRP-conjugated, IgG2b 5E6 (2TG12ccC, HyTest Ltd.), were used. The
capture and detection antibodies were diluted in PBS to a concentration of 0.25 μg/well and
0.04 μg/well, respectively.
Calibrators and controls: Serum control samples (Liquicheck Tumor Marker Control, Bio-Rad,
LOT.19950 and LOT.19970) were used as standards for the serum and DBS-Tg assays. Inhouse samples were used for quality control (QC1 and QC2) at 21.3 μg/L and 46.8 μg/L for
serum respectively at 20.4 μg/L and 47.4 μg/L for DBS.
ELISA procedure for serum Tg
Each well of the 96-well plate (MaxiSorp C-shape, Nunc) was coated with 100 μL diluted
capture antibody. The plate was covered and incubated overnight at 4°C. The following day,
the plate was emptied by inversion over a sink and washed five times by pipetting
300 μL/well wash buffer, and the remaining liquid was tapped out into a sink. After the last
wash, any remaining wash buffer was removed by tapping the inverted plate on a paper
towel. Then, 100 μL diluted serum, controls, calibrators (1:10), and blank were added to the
wells. The Liquicheck Tumor Marker Controls were used to obtain a calibration curve with
concentrations of 0, 4.84, 10, 20, 51.4, and 129 μg/L (Table 1). Standard solutions, blank,
serum samples, and quality controls were applied in duplicates and, to minimize bias, were
placed in different positions on the plate. The plate was incubated for 2h at room
temperature and then washed five times as described previously. Then, 100 μL diluted HRPconjugated antibody was added to each well. After incubation for 1h at room temperature,
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the plate was washed five times, and 100 μL TMB was added to each well. After sufficient
blue color development (defined as a pale blue color that was stable and unchanging, usually
occurring after ~20-25 min), the reaction was stopped by the addition of 50 μL/well of 1M
H2SO4. The optical densities (ODs) were read at a wavelength of 450 nm with the reference
wavelength set at 630 nm (Power-Wave HT Microplate Spectrophotometer, BioTek).
Table 1. Dilution of Liquicheck Tumor Marker Control, Bio-Rad for the preparation of the serum and DBS
calibration curve
Standards (μg/L)

Preparation of standards

Serum
SD1

4.84 (Level 1)

SD2

10

88.9 μL level 1 + 11.1 μL level 2

SD3

20

67.4 μL level 1 + 32.6 μL level 2

SD4

51.4 (Level 2)

SD5

129 (Level 3)

DBS
SD1

5.48 (Level 1)

SD2

10

90.2 μL level 1 + 9.8 μL level 2

SD3

20

68.4 μL level 1 + 31.6 μL level 2

SD4

51.4 (Level 2)

SD5

100

50.7 μL level 2 + 49.3 μL level 3

150 (Level 3)

used only for preparation of standard 100

ELISA procedure for DBS-Tg
The serum Tg ELISA was adapted to work with DBS samples. The materials, reagents,
antibodies, calibrators, and quality-control samples were the same as the one for serum Tg
ELISA. Whole blood was collected from healthy individuals in heparin-treated BD Vacutainer
tubes and centrifuged at 1260 x g for 10 min, and the plasma was removed before adding
0.9% NaCl to the red blood cells and centrifuging the solution at 1260 x g for 10 min and
removing the supernatant. This washing step was repeated four times. Calibrators and
controls were then added to the washed erythrocytes and rotated in a blood mixer for 10
min, and then 50 μL were spotted onto filter paper cards and air-dried for 24h at room
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temperature. Calibrators with concentrations of 0, 5.48, 10, 20, 51.4, and 100 μg/L (Table 1)
and controls with concentrations of 20.4 and 47.4 μg/L were used. Each well of the 96-well
plate was coated with 100 μL capture antibody. The plate was covered and incubated for 6h
at room temperature. After 6h, the plate was emptied by inversion over a sink and washed
five times by pipetting 300 μL/well wash buffer and then slinging the buffer out into a sink.
After the last wash, any remaining wash buffer was removed by tapping the inverted plate
on a paper towel. After the coated plate was washed, a whole blood spot 6 mm in diameter
was punched, and 150 μL buffer solution was added to the wells. Calibrators, blank, samples,
and quality controls were applied in duplicates, and were placed in different positions on the
plate. The plate was incubated for at least 16h at 4°C and washed five times as described
previously, and 100 μL of diluted HRP-conjugated antibody was added to each well. The
plate was incubated for 1h at room temperature and then was washed five times. Finally,
100 μL TMB was added to each well. After 20-25 min, the reaction was stopped by the
addition of 50 μL/well of 1M H2SO4. The ODs were read at 450 and 630 nm.
Validation of the serum and DBS ELISA assays for Tg measurement
To test the new serum assay, serum samples were analyzed from 424 healthy pregnant
women with the new assay and with the Immulite 2000 (Siemens Health Diagnostics). The
DBS assay was validated by comparing it to the new serum Tg assay in a subsample (n=93) of
DBS collected from the pregnant women. The optimization steps for the new serum and DBS
assay for Tg can be found in the Supplementary Data (Supplementary Data are available at
the end of the Manuscript 1). Assay sensitivity was determined by calculating the mean
response of 10 sets of blanks and evaluating the mean plus 3 standard deviation (SD) on the
standard curve. The lower limit (the detection limit) of the working range was defined as the
sensitivity. Intra-assay variability (precision) was determined by measuring the qualitycontrol samples 10 times within the same assay run. Inter-assay variability (reproducibility)
was determined by measuring the quality-control samples in 10 consecutive assay runs. The
intra-(n=10) and inter-assay variability (n=10) were also determined for the DBS-Tg assay
using the same quality-control samples. Precision (intra-assay) and reproducibility (interassay) were calculated as coefficients of variation.
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TgAb measurement
Serum TgAb concentrations were measured using the Immulite 2000 TgAb kit (Immulite
2000, Siemens). The manufacturer’s specified reference range is from non-detectable to
40 IU/mL.
Study of Tg stability
To test the stability of serum Tg after repeated freeze-thaw cycles, serum Tg controls (QC1
and QC2) were measured in duplicate before and then again after eight freeze-thaw cycles.
To assess the effect of long-term storage at -20°C on DBS-Tg, DBS-Tg controls (QC1 and QC2)
were measured in duplicate every week for a total of 15 weeks.
Study of within-subject (day-to-day) variability
For the study of within-subject (day-to-day) variation in DBS-Tg, four healthy young adults
were recruited with no history of thyroid disease. Mean±SD age, weight, height, and BMI
were: 31.2±4.5 years, 59.9±14.3 kg, 1.68±0.1 m, and 21.0±3.4 kg/m2, respectively. Finger
prick blood sampling was done between 2.00 and 2.30 pm, and samples were obtained daily
during the first week and then three times each week for a subsequent three weeks. A total
of 14 specimens were drawn from each subject. All samples were collected and analyzed by
the same trained individual (S.S.) to reduce pre-analytic and analytic measure variation.
Statistical analysis
Data were analyzed with Excel 2011 (Microsoft Corp.) and IBM SPSS Statistics for Mac v22
(IBM Corp., Armonk, NY). The normality of the data was checked before analysis with the
Kolmogorov-Smirnov test and graphically by evaluating Q-Q and residuals plots, and not
normally distributed data were log transformed. If the data were normally distributed, they
were expressed as mean±SD or geometrical mean (confidence interval [CI]), if non-normally
distributed, they were expressed as median (range). Pearson coefficient of correlation (r)
and the R2 value (square of the correlation coefficient) were calculated to examine the
association between the new serum Tg ELISA assay and Immulite 2000 and between the
DBS-Tg ELISA and the serum Tg ELISA. Paired t-tests were used to test the difference in Tg
concentration between samples measured by the serum Tg ELISA and the Immulite 2000, as
well as by the DBS-Tg ELISA and the serum Tg ELISA. Independent t-tests were used to test
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the difference in Tg concentration between TgAb negative and TgAb positive samples. BlandAltman bias analysis was performed to determine the agreement between methods. For the
serum Tg and Immulite 2000 methods the average agreement between the methods was
expressed as a geometric mean ratio of the individual differences (Bland and Altman, 1999).
The limits of agreement were calculated on a log scale and back-transformed to the original
scale using the equations proposed by Euser et al. (Euser et al., 2008). The agreement
between the DBS-Tg and serum Tg methods was assessed by a regression approach and the
limits of agreement were obtained as a function of the mean X (Bland and Altman, 1999).
Regression analyses were performed to assess the stability of serum Tg after several freezethaw cycles and the effect of long-term storage time on DBS-Tg. For the biological variability
of Tg in DBS, the within-subject CV was calculated as follow: CV%=(standard
deviation/mean) x 100. Differences with p<0.05 were considered significant.

Results
Serum Tg assay performance
The standard curves were linear in the range 0-129 μg/L (Liquicheck Tumor Marker Control,
Bio-Rad), and the correlation coefficients of the standard curves were always ≥0.98. The
correlation between the Liquicheck Tumor Marker Controls measured by using the new
serum Tg assay and by using the Immulite 2000 was r=0.96, R2=0.92 (p<0.05; Table 2). The
limit of detection (assay sensitivity) of the serum Tg assay was 2.34 μg/L. At Tg
concentrations of 21.3 and 46.8 μg/L, the intra-assay CV (n=10) was 7.3% and 4.4% and the
inter-assay CV (n=10) was 12.9% and 10.1%, respectively. The intra-assay variability (n=10)
for 4 serum samples in the range 8.5-61.7 μg/L was between 4.2% and 5.6%. The geometric
mean Tg concentration in the pregnant women (n=424) was 13.5 μg/L (CI 12.7, 14.4) with
the new serum Tg assay and 8.6 μg/L (CI 7.9, 9.3) with Immulite 2000 (p<0.001). The
correlation between the two methods is shown in Figure 1A (r=0.68, R2=0.46, p<0.01). The
Bland-Altman plot confirmed higher concentrations measured by the new serum Tg assay:
the geometric mean ratio of the individual Tg concentrations (Immulite 2000/new serum Tg
assay) was 0.76 (Figure 1B). The difference between the two methods was proportional to
the Tg concentration. The limits of agreement, expressed as a function of the mean Tg (X) for
the two methods, were 0.88X μg/L and -1.43X μg/L.
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Table 2. Mean concentration of Liquicheck Tumor Marker Control, Bio-Rad for serum Tg and Immulite 2000
and for DBS-Tg and serum Tg
Bio-Rad Control
Serum Tg vs. Immulite 2000

a

Serum Tg (μg/L)

Immulite 2000 (μg/L)

4.84

5.6

6.2

10

10.1

12.2

20

20.7

18.9

51.4

49.1

46.3

129

129.8

139

Serum Tg (μg/L)

DBS-Tg (μg/L)

5.48

5.5

4

10

8.5

8.2

20

19.5

20.8

51.4

54.8

55.8

100

90.4

97.8

Serum Tg vs. DBS-Tg

a

b

b

Correlation coefficient, r=0. 96 (p<0.05); Correlation coefficient, r=0.98 (p<0.01)

A

B

Figure 1. A) Correlation plot for serum thyroglobulin (Tg) between the new Tg assay and the Immulite 2000
(n=424). Axis values are back-transformed data presented on a log scale. The regression line is computed on log
2

data (R =0.46, p<0.01). B) Bland-Altman plot comparing serum Tg measured by the new Tg assay and the
Immulite 2000 (n=424). The data points are plotted on the original scale. Solid line: mean difference ratio
(Immulite 2000/new serum Tg assay); dashed lines: 95% limits of agreement expressed as a function of the
mean X computed using log data (Euser et al., 2008)
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Serum Tg assay performance in TgAb negative subjects
The geometric mean Tg concentration in TgAb negative healthy pregnant women (n=274)
was 13.9 μg/L (CI 12.9, 14.9) with the new serum Tg assay and 10.1 μg/L (CI 9.2, 10.9) with
Immulite 2000 (p<0.001). The geometric mean Tg concentration with the new serum Tg
assay did not differ between TgAb negative (13.9 (CI 12.9,14.9) μg/L) and TgAb positive (12.8
(CI 11.3,14.5) μg/L, n=150) women (p=0.29). The geometric mean Tg concentration with
Immulite 2000 differed between TgAb negative (10.1 (CI 9.2,10.9) μg/L) and TgAb positive
(6.4 (CI 5.3,7.7) μg/L, n=150) women (p<0.001). The correlation between serum Tg measured
by using the serum Tg ELISA and by using the Immulite 2000 (Figure 2A) was r=0.72, R2=0.51
(p<0.01). The geometric mean ratio of the individual Tg concentrations (Immulite 2000/new
serum Tg assay) was 0.81 (Figure 2B). The limits of agreement, expressed as a function of the
mean Tg (X) for the two methods, were 0.71X μg/L respectively -1.2X μg/L.

A

B

Figure 2. A) Correlation plot for serum antithyroglobulin antibody (TgAb) negative samples between the new Tg
assay and the Immulite 2000 (n=274). Axis values are back-transformed data presented on a log scale. The
2

regression line is computed on log data (R =0.51, p<0.01). B) Bland-Altman plot comparing serum TgAb
negative samples measured by the new Tg assay and the Immulite 2000 (n=274). The data points are plotted
on the original scale. Solid line: mean difference ratio (Immulite 2000/new serum Tg assay); dashed lines: 95%
limits of agreement expressed as a function of the mean X computed using log data (Euser et al., 2008)
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Effect of freeze-thaw cycles on the serum Tg assay
In the freeze-thaw cycle stability study, there was no significant change in the measured
serum Tg concentrations during the eight freeze-thaw cycles (Figure 3). The serum Tg
concentrations of QC1 and QC2 over the eight cycles were not significantly different
F(1,7)=0.4, p=0.54 respectively F(1,7)=0.005, p=0.95. The β coefficients for the changes in
QC1 and QC2 samples were: 0.26 and 0.04.

Figure 3. Serum Tg concentration of QC1 and QC2 measured after undergoing eight freeze-thaw cycles. Solid
2

2

(QC1, R =0.06, p=0.54) and dashed (QC2, R =0.01, p=0.95) lines represent the regression lines

Performance of the DBS-Tg assay
The standard curves were linear in the range 0-100 μg/L (Liquicheck Tumor Marker Control,
Bio-Rad). The correlation coefficients of the standard curves were always ≥0.98. The
correlation between the Liquicheck Tumor Marker Controls in the DBS-Tg and in serum Tg
assay was r=0.98, R2=0.96 (p<0.01; Table 2). The intra-(n=10) and inter-assay (n=10)
variability for the quality control samples for the DBS-Tg method were 12.3% and 7.6% and
16.5% and 7.6% at Tg concentrations of 20.4 and 47.4 μg/L. The limit of detection was
0.91 μg/L. The geometric mean Tg concentration in the pregnant women (n=93) was
9.3 μg/L (CI 8.5, 10.2) with DBS-Tg assay and 10 μg/L (CI 8.7, 11.6) with serum Tg assay. The
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geometrical means of the DBS-Tg assay and the serum Tg assay were not different (p=0.12).
The correlation between these assays (Figure 4A) was r=0.78, R2=0.61 (p<0.01). The
difference in Tg concentrations between the methods was a function of the mean serum and
DBS-Tg concentration (X; Figure 4B). The mean difference between the methods was 0.59X4.59 μg/L; the limits of agreement were 0.59X+3.22 μg/L and 0.59X-12.4 μg/L.
A

B

Figure 4. A) Correlation plot for Tg between the DBS-Tg and the new serum Tg assay (n=93). Axis values are
2

back-transformed data presented on a log scale. The regression line is computed on log data (R =0.61, p<0.01).
B) Bland-Altman plot for Tg between the DBS-Tg and the new serum Tg (n=93). Solid line: mean difference
(μg/L); dashed lines: 95% limits of agreement expressed as a function of the mean X (n=93) calculated based on
the regression approach (Bland and Altman, 1999)

Effect of storage time on the stability of DBS-Tg
Regression analysis of the results of the 15 weeks stability study showed that long-term
storage at -20°C did not lead to significant change in DBS-Tg concentrations (Figure 5). The
DBS concentrations of QC1 and QC2 over the 15 weeks were not significantly different
F(1,11)=0.35, p=0.57 respectively F(1,11)=1.30, p=0.28. The β coefficients for the changes in
QC1 and QC2 samples were: 0.09 and -0.35.
Within-subject (day-to-day) variation of DBS-Tg
The within-subject variation of DBS-Tg in the four subjects over four weeks is shown in
Figure 6. The mean DBS-Tg for the subjects ranged from 11.3 to 55.5 μg/L. The mean DBS-Tg
concentration of all subjects was 27.1±4.7 μg/L. Repeated-measures analysis of variance
showed no significant changes with time (p=0.25). The mean within-subject CV was 21.1%
and the analytical CV was 7.5%.
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Figure 5. DBS-Tg concentration of QC1 and QC2 measured over 15 weeks of storage at -20°C. Solid (QC1,
2

2

R =0.03, p=0.57) and dashed (QC2, R =0.10, p=0.28) lines represent the regression lines

Figure 6. Within-subject variation in DBS-Tg measured in four healthy adults over 26 days
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Discussion
The present findings demonstrate acceptable performance of the new serum Tg assay and
the new DBS-Tg assay over a wide range of Tg concentrations. The new serum Tg assay had
good precision and correlated well with the Immulite 2000 (r=0.68). There is no gold
standard for the measurement of Tg in serum. The decision was made to use Immulite 2000
as the external serum Tg method because it was available in the authors’ laboratory, and it is
the most widely used immunochemiluminometric assay in the clinical laboratories in
Switzerland. The intra-assay and inter-assay CVs were comparable to those in the
manufacturer specifications of seven commercially available ELISA kits (<13% and <25%,
respectively) (Package Insert, 2008, 2009, 2010a, b, 2012, 2014, 2015). The new DBS-Tg
assay also showed good precision compared to the serum Tg assay (r=0.78). The intra-assay
and inter-assay CVs are comparable with those reported for two-site DELFIA (<10% and
<20%, respectively) (Zimmermann et al., 2003) and IFMA (<10% and <15%, respectively)
(Missler et al., 1994). Inter-assay variability in serum Tg is large, and this was evident in our
data (Figure 1B): comparing the overall mean values from the new serum Tg assay and from
the Immulite 2000 resulted in a significant bias of approximately 50%. This may be due to
differences in: (i) protocols (manual vs. automatic method); (ii) antibody binding pairs
(monoclonal-monoclonal vs. monoclonal-polyclonal) specific for Tg; (iii) epitope recognition;
and/or (iv) possible interference by TgAb (Stanojevic et al., 2009).
Studies conducted before the introduction of CRM-457 standards reported an inter-assay
variability in serum Tg of 40-60% between methods (Feldt-Rasmussen and Schlumberger,
1988). Current CRM-457-standardized serum Tg methods have an inter-assay variability of
approximately 30% (Spencer et al., 1996). Serum Tg was recently measured in 68 euthyroid,
TgAb negative control individuals with six currently available CRM-457 standardized
methods (two RIAs and four IMAs) (Spencer and LoPresti, 2008). The mean inter-assay
variability was 37% more than double that of the within-person variability (~15%) (FeldtRasmussen et al., 1980). The introduction of CRM-457 standards did not reduce the interassay variability and did not improve the comparability of different Tg assays. Therefore, for
the new assays, CRM-457 was not used for calibration purposes, but commercially available
serum control samples were used instead in order to minimize matrix effects and maximize
comparability between calibrators, controls, and samples (McDade et al., 2004). However,
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the wide inter-assay variability is a major challenge to the establishment of normal reference
ranges and cutoffs for serum and DBS-Tg, and this limitation needs to be addressed in future
studies that examine the potential of Tg assays to monitor iodine status in populations.
The new serum Tg assay and DBS-Tg assay use the same Tg antibody. The correlation
between the methods (r=0.78, p<0.01) suggests that the two methods can be used interchangeably in population studies. In settings where serum collection is difficult, DBS
collection can be used. The agreement between the methods was tested in the normal range
of Tg concentrations. The DBS-Tg assay generated higher values than the serum Tg assay at
the lower end of the range, and the Bland-Altman plot showed that the difference between
the methods was dependent on the Tg concentration (Figure 4A and B). Further, in both the
serum and DBS-Tg assays, higher variation was found in sample duplicates than in control
duplicates, suggesting sampling of blood can be a source of measurement bias
(Zimmermann et al., 2003). Thus, as more data from the two assays become available a
correction factor can be developed to facilitate comparison of results from studies using the
new serum Tg assay or the DBS-Tg assay.
The within-subject variation for DBS-Tg was 21.1% higher than that reported for serum Tg in
two previous studies (14-16%) (Feldt-Rasmussen et al., 1980; Jensen et al., 2007). Jensen et
al. performed a short-term study of approximately one month (Jensen et al., 2007), similar in
length to the present study. They included 21 healthy women and drew blood twice weekly
for a total of nine samples. The range of mean Tg was 0.2-26 μg/L. The study by FeldtRasmussen et al. (Feldt-Rasmussen et al., 1980) covered four months, and enrolled 10
healthy subjects: five females and five males. Blood was taken at two-week intervals during
two periods for males, and at weekly intervals during two periods, one month each, for
females. They drew a total of six specimens from each male and a total of 10 specimens
from each female. The range of mean Tg was approximately 5-12 μg/L in males and
5-10 μg/L in females. Compared with these two studies, the present study found higher
within-subject variation in Tg that may be due to greater variation in pre-analytic factors
such as collection of DBS versus serum, or could be due to the different assays used.
Furthermore, the sample size in the present study for the within-subject variation study was
small, and the results need to be confirmed in a larger study.
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It is well known that TgAb interfere with immunoassays for serum Tg and can cause falsely
high or low values (Hoofnagle and Roth, 2013). Thus, concurrent measurement of TgAbs is
required in the clinical setting; that is, for monitoring of thyroid cancer patients. Detectable
serum TgAb are found in approximately 5-15% of the general adult population (FeldtRasmussen, 1983; Legakis et al., 2013; Pedersen et al., 2011; Spencer et al., 1998). The
prevalence of serum TgAb in pregnant women is uncertain: in our study we found a
prevalence of 36.4%, while in other studies the prevalence varied between 2.9% and 17.3%
(La'ulu and Roberts, 2007; Marwaha et al., 2008; Moreno-Reyes et al., 2013; Stricker et al.,
2007). The discrepancy found between the present study and the others may be related to
the methods used for the screening of serum TgAb and to the varying cutoffs applied to
classify the subjects as TgAb positive. The geometric mean Tg concentration was significantly
different between TgAb negative and TgAb positive samples measured with Immulite 2000,
but not for TgAb negative and TgAb positive samples measured with the new serum Tg
assay. This discrepancy may be explained by the epitope specificity of the monoclonal
antibody chosen for a method, that is, by the affinity of the first antibody and by the
specificity of the second antibody (Spencer et al., 1996). It appears that the new serum Tg
assay is less subject to TgAb interference, perhaps because its antibodies are more specific
those used in the Immulite 2000 system. In the present study, there was no improvement in
the performance of the serum Tg assay when we excluded TgAb positive samples (Figures 1
and 2). The correlation graphs showed similar equation lines and Pearson coefficients with
or without TgAb positive samples. The Bland-Altman plot showed that the difference
between methods and the limits of agreements with or without TgAb positive samples are
comparable. These data suggest that concomitant measurement of TgAb may not be
necessary in population studies measuring Tg in pregnant women. However, this issue
remains uncertain and deserves further investigation. Furthermore, because the prevalence
of TgAb may differ among population groups, these results may not be generalizable to
children and other adults.
There are few data available on the stability of serum Tg during repeat thaw-freeze cycles. A
recent study (Gao et al., 2007) suggested that serum Tg is vulnerable to freezing and
thawing, and demonstrated a small decrease in Tg concentrations after three short cycles
and a large decrease after subsequent cycles. In contrast, no significant change in serum Tg
concentration was observed during eight freeze-thaw cycles in the present study. The
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current results are consistent with leading laboratory guidelines that state that repeat
freezing and thawing of samples does not significantly influence serum Tg concentrations
(USC Endocrine Laboratories, 2016). The long-term stability study showed that DBS-Tg
concentrations were stable for 15 weeks when stored at -20°C. The present results agree
with a previous study that reported Tg in DBS samples was stable for one year when samples
were stored at -20°C (Zimmermann et al., 2006).
The new serum and DBS-Tg assays presented here may have several advantages over
current assays. They are easy to perform and do not require sophisticated instruments or
facilities. They require minimal amounts of serum/blood: duplicate measurements can be
done using only 20 μL of serum or 100 μL of whole blood (the amount in two typical dried
blood spots). In contrast, commercially available serum Tg assays usually require between 50
and 100 μL of serum (Spencer and Petrovic, 2010). In the authors’ laboratory, the costs for
materials, reagents, and antibodies per duplicate measurement using the serum and DBS
assays are only US $1-1.5 compared with commercial RIA, IRMA, IFMA, and ICMA Tg assays
where the costs are typically around US $5. Moreover, the DBS-Tg assay simplifies collection
and transport compared with serum Tg assays because it does not require venipuncture,
centrifugation, and transport of frozen samples, which may be difficult in remote areas and
in large population-based studies.
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Supplemental Data
Optimization of serum dilution, antibody concentration and DBS disc size
To try to reduce the cost for the analysis, different concentrations of the capture antibody
(1, 0.75, 0.5, 0.25 μg/well) and the detection antibody (0.16, 0.08, 0.04, 0.02 μg/well) were
tested. The optimal concentrations chosen for the capture and detection antibodies were
0.25 μg/well and 0.04 μg/well, respectively. The use of diluted serum samples vs. undiluted
serum samples was also tested. For antibodies as well as for serum samples, the dilutions
were selected that had a good regression coefficient for the standard curve (R2>0.98) and
that gave an appropriate color reaction within 15-30 min. To evaluate the incubation
procedure, shorter and longer incubation time with the primary and secondary antibodies
and incubation at 37°C instead of room temperature were tested. None of these changes
improved the coefficient of variation (CV). Incubation at 37°C typically resulted in a higher
CV. To evaluate the washing procedure, different amount of wash buffer (200, 250, 300
μL/well) and different ways of pouring the wash buffer (directly from the beaker or using a
multi-channel pipette) were tested. Directly pouring the wash buffer from the beaker to the
plate typically resulted in a higher CV. The CV was lower when pipetting 300 μL of wash
buffer in each well instead of 200/250 μL/well. To evaluate the necessary time for the
development of a color reaction with TMB, shorter (5, 10, 15 min) and longer (30, 35, 40
min) incubation time with TMB were tested. None of these changes improved the CV.
Incubation <15 min or >30 min usually resulted in a higher CV. To adapt and optimize the
assay for the small amount of blood (6-12 μL) present in the DBS samples, different disc sizes
(3 mm, 4.75 mm, 6 mm diameter) and elution procedures were tested with several protocol
variations. A direct elution of a 6 mm disc with 150 μL wash buffer in the coated plate at 4°C
for at least 16h provided the best response. An extraction in Eppendorf tubes with 250 μL
wash buffer or in a 96 well plate with 250 μL wash buffer and the subsequent transfer of
100 μL of this elution in the coated plate did not improve the sensitivity or CV. Other
procedures, including the varying the amount of wash buffer (50, 100, 200, 300 μL/well)
added to material extracted from the spot, varying punched disc sizes (3 mm, 4.75 mm, 2x3
mm diameter) and incubation at 37°C resulted in a higher CV.
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Abstract
Context: Thyroglobulin (Tg) may be a sensitive biomarker of iodine nutrition in pregnant
women (PW). A dried blood spot (DBS) assay would simplify collection and transport in field
studies. Our aims were to: 1) establish a reference range for DBS-Tg in iodine-sufficient PW;
2) test this reference range in PW with a range of iodine intakes; and 3) determine if comeasurement of Tg antibodies (Ab) is necessary to define population iodine status.
Standardized cross-sectional studies in 3870 PW from 11 countries with iodine intakes from
deficient to more-than-adequate. To define the DBS-Tg reference range we included
euthyroid, TgAb-negative PW (n=599) from 3 countries with sufficient iodine intakes. We
measured urinary iodine concentration (UIC) and DBS TSH, total T4, Tg and TgAb. In the
reference PW population, median DBS-Tg (95% CI) was 9.2 (8.7-9.8) μg/L and was not
significantly different between trimesters; the reference range was 0.3-43.5 μg/L. Over a
range of iodine intakes, Tg concentrations were U-shaped; median Tg values were higher in
iodine-deficient PW than in iodine-sufficient PW (p<0.001) and the percentage of elevated
Tg was higher in PW with iodine-deficient or more-than-adequate intakes (p<0.05). Within
countries, median DBS-Tg and the presence of elevated DBS-Tg did not significantly differ
between all PW and those who were TgAb-negative. DBS-Tg is a sensitive biomarker of
iodine status in PW. Using our assay, a median DBS-Tg ≈10 μg/L with less than 3% of values
≥44 μg/L indicates population iodine sufficiency. Concurrent measurement of TgAb does not
appear necessary to assess population iodine status.

KEYWORDS: dried blood spots, DBS, iodine, pregnancy, reference range, thyroglobulin, Tg,
thyroid hormones, trimester-specific reference range

Abbreviations: Ab, antibody; CI, confidence interval; DBS, dried whole-blood spots; PW, pregnant
women; Tg, thyroglobulin; TgAb, autoantibodies against Tg; TPO, thyroperoxidase; TSH, thyroidstimulating hormone; TT4, total thyroxin; UIC, urinary iodine concentration.
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Introduction
Thyroglobulin (Tg) is a thyroid-specific protein and a storage and synthesis site for thyroid
hormones (Okosieme and Lazarus, 2004). During iodine deficiency (ID), an increase in thyroid
size and/or activity results in an increase in the blood Tg concentration (Knudsen et al., 2001;
Vejbjerg et al., 2009a). In children and adults, Tg may be a sensitive biomarker of iodine
nutrition and responds quickly to changes in iodine intake (Knudsen et al., 2001; Vejbjerg et
al., 2009a; WHO et al., 2007; Zimmermann et al., 2006; Zimmermann et al., 2003). Tg can be
measured on dried blood spots (DBS), which can simplify collection, storage and transport in
field studies (Zimmermann et al., 2003). DBS-Tg is recommended by WHO for monitoring of
iodine status in school-aged children (WHO et al., 2007), an international reference range
has been established (Zimmermann et al., 2006) and it may also be a sensitive biomarker of
iodine excess in children (Zimmermann et al., 2013).
DBS-Tg may also be a promising biomarker to assess iodine status in pregnant women (PW),
particularly because iodine requirements and the urinary iodine concentration (UIC)
reference range for pregnancy remain uncertain. However, Tg data from PW with varying
iodine intake are scarce, and there is no international reference range. Available data
suggest Tg may be modestly elevated during pregnancy in both iodine-deficient and iodinesufficient women (Eltom et al., 2000; Soldin et al., 2004) due to increased thyroid activity. Tg
antibodies (TgAb) can confound individual assessment of Tg in clinical monitoring of thyroid
disorders. However, there are no data on whether co-measurement of TgAb along with Tg is
necessary in PW to define population iodine status.
Therefore, our aims were: 1) to establish, in iodine-sufficient euthyroid TgAb-negative PW,
an international reference range for DBS-Tg that could be used for monitoring iodine
nutrition; 2) to test the DBS-Tg reference range and assess thyroid function in PW over the
range of iodine intakes currently defined by WHO/UNICEF/ICCIDD as insufficient (median
UIC <150 μg/L), adequate (median UIC 150-249 μg/L) and more-than-adequate (median UIC
250-499 μg/L); and 3) to determine if co-measurement of DBS-Tg antibodies (TgAb) along
with DBS-Tg is necessary in population studies of iodine status in PW.
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Subjects and Methods
Subjects
We included PW (n=3870) in all trimesters living in 11 countries: 2 in Europe (Croatia and
Switzerland), 1 in North Africa and the Eastern Mediterranean (Morocco), 3 in Sub-Saharan
Africa (Niger, South Africa and Tanzania), 3 in Asia (India, Nepal and China), and 2 in
Southeast Asia (Thailand and The Philippines). We selected these countries to include PW
with varying iodine status and provide regional and ethnic representation. All studies were
local or regional studies, except for Switzerland where the study was nationally
representative. Inclusion criteria were: 1) healthy women aged 18 to 44 years; 2) singleton
pregnancy; 3) non-smoker; 4) no major chronic diseases; 5) no history of thyroid disease;
and 6) no chronic use of medications. To establish the DBS-Tg reference range, we first
included all women from countries where the median UIC of the pregnant population was
150 μg/L to 299 μg/L; we then included individual PW from this group who were euthyroid,
TgAb-negative and not taking iodine-containing supplements.
With the relative precision for the 97.5th percentile for DBS-Tg specified at 3-5% of the total
length of the 95% reference range, and the estimated SD of DBS-Tg as 2.3 μg/L (based on
data from iodine-sufficient Swedish PW (Soldin et al., 2004)), we estimated a sample size of
~540

PW would be required to establish the DBS-Tg reference range in PW with sufficient

iodine intake (Armitage et al., 2002). Ethical committees approved the study protocol at
each local institution involved in the study. We obtained informed written consent from all
subjects and collected the data between 2008 and 2016.
Study design
We recruited PW through clinics providing routine prenatal care. The participants completed
a brief questionnaire on general health status, including year of birth, gestational week
(from date of last menstrual period), trimester of pregnancy, singleton pregnancy, smoking,
history of thyroid disease, major chronic disease, use of medication or iodine supplements. A
spot urine sample was collected and stored at -20°C until analysis. We spotted whole blood
from a finger prick onto filter paper cards (Whatman 903, GE Healthcare). After spotting, the
DBS cards were dried at room temperature for 24 hours and then stored in sealed lowdensity bags at -20°C until analysis.
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Laboratory analyses
We measured UICs using a modification of the Sandell-Kolthoff method (Pino et al., 1996)
and laboratory-specific urine control material. All laboratories in this study are certified by
the Program to Ensure the Quality of Urinary Iodine Procedures (U.S. Centers for Disease
Control and Prevention, Atlanta) and participate successfully in its quarterly external
validation. We used WHO/UNICEF/ICCIDD criteria based on median UIC to classify iodine
nutrition in the population of PW at each site: insufficient, median UIC <150 μg/L; adequate,
median UIC 150-249 μg/L; more-than-adequate, median UIC 250-499 μg/ (WHO et al., 2007).
We measured DBS-Tg using a recently developed ELISA assay (Stinca et al., 2015). At DBS-Tg
concentrations of 27.2±4.8 μg/L and 59.9±14.7 μg/L, the inter-assay coefficient of variation
(CV, n=100) was 17.8% and 24.6%, respectively. We measured serum TgAb concentrations in
Indian and Thai women using the Immulite 2000 TgAb kit (Immulite 2000, Siemens); the
manufacturer’s specified reference range is from non-detectable to 40 u/mL. We measured
DBS-TgAb concentrations using a serum ELISA (TgAb ELISA V2; RSR, Cardiff, UK) adapted in
our laboratory for DBS. The intra-assay CV was 7% at 150±50 u/mL and 7.8% at 520±150
u/mL, respectively. The inter-assay CV was 13.8% at 150±50 u/mL and 9.9% at 520±150
u/mL. The manufacturer cut-off for TgAb-positivity is ≥65 u/mL.
We measured DBS-TSH (GSP Neonatal hTSH kit, PerkinElmer Life Sciences, Turku, Finland)
and DBS-TT4 (GSP Neonatal T4 kit, PerkinElmer Life Sciences, Turku, Finland) using an
automated time-resolved fluoroimmunoassay (Fingerhut and Torresani, 2013) at the Swiss
Newborn Screening Laboratory, University Children's Hospital, Zurich. The TSH inter-assay
CV was 11.2% at 15.2±1.7 mIU/L and 10.8% at 62.7±6.8 mIU/L. The TT4 inter-assay CV was
13.3% at 42.9±5.7 nmol/L, 12.3% at 100.7±12.4 nmol/L and 11.9% at 166.4±19.8 nmol/L.
Normal reference values for DBS-TT4 in non-pregnant adults with this assay are
65-165 nmol/L. For DBS-TT4 in PW in the first trimester we used the reference range of
65-165 nmol/L; for the second and third trimester, we multiplied the non-pregnant adults
reference range by 1.5 and used the resulting range of 97.5-247.5 nmol/L (De Groot et al.,
2012). Normal reference values for DBS-TSH in non-pregnant adults with this assay are
0.1-3.7 mIU/L. For DBS-TSH in PW in the second and third trimester, we used this reference
range. Based on the trimester-specific serum TSH reference ranges suggested by the
American Thyroid Association (Stagnaro-Green et al., 2011); that is, a serum TSH ≈18% lower
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in the first compared to the second and third trimester, we lowered the upper limit of our
TSH assay to 3 mIU/L in the first trimester.
Statistical analyses
Data analysis and statistics were done with Excel 2011 (Microsoft Corp.) and IBM SPSS
Statistics for Mac v23 (IBM Corp., Armon, NY). Outliers were investigated using the Tukey's
test, but no outliers were removed. Non-normally distributed data were log-transformed for
analysis. For parameters including values between 0 and 1 (TSH and Tg), a constant of 1 was
added to the values before transformation, and was subtracted when back-transformed. If
data were normally distributed, we presented them as mean±SD or as geometrical mean
(95% CI) for log data, if non-normally distributed we expressed them as median (IQR). The
nonparametric 95% confidence intervals around the median and percentiles (2.5th and
97.5th) were obtained using the bootstrap technique (n=1000). To establish the DBS-Tg
reference range, the 2.5th and 97.5th ranked percentiles were calculated, according to the
IFCC and NCCLS guidelines (CLSI, 2010; Linnet, 2000; Solberg, 1987), with the following
formula: 0.025*(n+1) and 0.975*(n+1).
We selected Indian (n=398), South African (n=384) and Nepalese (n=159) PW as the
reference population because these sites had a median UIC of 150 to 299 μg/L (WHO et al.,
2007). PW were excluded if they did not have UIC data (n=36), all thyroid parameters
(n=247) or were TgAb-positive (n=59). The final sample for the reference range consisted of
599 PW. We used Kruskal-Wallis ANOVA or a Mann-Whitney U test to compare differences
in UIC and thyroid hormones among trimesters and between sites, and a Dunn-Bonferroni
test for post hoc comparisons. To evaluate associations between variables, Spearman's
correlations were calculated.
For the remaining country datasets, we excluded 886 women because they did not meet the
inclusion criteria (n=208) and/or had no data on UIC (n=326) or all thyroid parameters
(n=352). Thus, the final dataset consisted of 2984 PW, and we measured TgAb on 2015 of
these PW. We used Kruskal-Wallis ANOVA and Mann-Whitney U test analysis within
countries and generalized linear mixed effect model (GLMM) analysis with trimester as fixed
factor and country as random factor for the pooled datasets (all sites) to compare
differences in UIC and thyroid hormones, followed by Bonferroni post hoc comparisons. We
used independent t-tests (with log-transformed data), the Mann-Whitney U test and the
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GLMM to compare median DBS-Tg between TgAb-positive and TgAb-negative groups.
Spearman's correlations were done and multiple linear regression analysis was done if two
or more factors were correlated with DBS-Tg or TgAbs. We used Chi-square tests and binary
logistic GLMM followed by Bonferroni correction to test differences in prevalences between
trimesters and between countries. For the countries in which we had data on gestational
age, we did a binary logistic regression for TgAb prevalence with gestational age as fixed
factor and country as random factor. Differences with p<0.05 were considered significant.
We constructed scatterplots using individual values of PW (n=2984) of DBS-Tg vs. UIC, TSH or
TT4 and added Loess smoothed line calculations (with 70% of points to fit) to describe best
fit. Bubble charts showing DBS-Tg vs. UIC, TSH or TT4, were clustered using the sample size
of each country, with a second-order polynomial trend line added to show best fit.

Results
Reference range for DBS-Tg in pregnancy
Among women in India, South Africa and Nepal included in the reference population
(n=599), median (IQR) age was 23.2 (21.2-26.8) years, weight was 51.2 (46.6-58.8) kg, height
was 154.6 (150.4-158.4) cm and BMI was 21.6 (19.8-24.2) kg/m2. The overall median UIC
(IQR) was 193.8 (100.9-335.9) μg/L. The pooled median (IQR) DBS-Tg was 9.2 (5.3-14.9) μg/L
and the 95% CI around the median was 8.7-9.8 μg/L. The 2.5th and 97.5th DBS-Tg percentiles
(95% CI) were 0.3 (0.2-0.6) μg/L and 43.5 (33.5-53.7) μg/L. There was no significant
difference in DBS-Tg between trimesters (p=0.245; Figure 1); the median (IQR) DBS-Tg was
9.7 (7.2-16.0) μg/L in the first (n=128), 9.4 (5.2-14.7) μg/L in the second (n=260) and 8 (4.714.3) μg/L in the third trimester (n=211). For Nepal and South Africa, we did not have data
on week of gestation, only trimester data, so we could not determine if there was a
relationship between gestational week and DBS-Tg in our reference population. The 2.5th
and 97.5th DBS-Tg percentiles (95% CI) by trimester were: 1.8 (0.2-3.1) μg/L and 47.4 (28.970.3) μg/L in the first; 0.3 (0.2-0.7) μg/L and 43.9 (29.8-56.3) μg/L in the second; 0.2 (0.1-0.5)
μg/L and 42.4 (32.9-63.4) μg/L in the third.
The prevalence of TgAb-positive PW was 9% (n=658). The pooled median (IQR) DBS-Tg in
TgAb-positive women (n=59), 8.9 (4.8-13.6) μg/L, was not significantly different than in
TgAb-negative women (n=599), 9.2 (5.3-14.9) μg/L (p=0.543). The median DBS-Tg (IQR)
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comparing TgAb-positive and negative PW across trimesters was also not significantly
different: 5.5 (2.4-9.6) μg/L vs. 9.7 (7.2-16) μg/L in the first (p=0.325), 11.6 (6.8-18.4) μg/L vs.
9.4 (5.2-14.7) μg/L in the second (p=0.476) and 7.9 (5-10.8) μg/L vs. 8 (4.7-14.3) μg/L in the
third trimester (p=0.967). The pooled medians (IQR) DBS-TSH and DBS-TT4 were 0.8 (0.6-1.2)
mIU/L and 107.7 (85.2-137) nmol/L, respectively. Median (IQR) DBS-TSH was significantly
higher in the first (1.1 (0.9-1.4) mIU/L) compared to the second (0.8 (0.6-1.2) mIU/L) and the
third (0.8 (0.6-1 mIU/L) trimesters (both; p<0.01). Median DBS-TT4 did not differ between
trimesters (p=0.088). Pooled data showed no overall significant correlation between DBS-Tg
and UIC (rs=0.04; NS) and between DBS-Tg and DBS-TSH (rs=0.033; NS). The only significant
positive overall correlation was found between DBS-Tg and DBS-TT4 (rs=0.126; p=0.002).

Figure 1. Box plot (median, IQR) of DBS-Tg derived from 599 euthyroid, TgAb-negative, pregnant women during
the three trimesters of pregnancy (p=0.245)

Assessment of iodine status in pregnancy using DBS-Tg and the reference range
By country, Moroccan women had the lowest median UIC (IQR), 31.5 (16.7-57.6) μg/L, and
Tanzanian women had the highest, 429.3 (270.1-614.9) μg/L. By country, Filipino women had
the lowest median DBS-Tg, 6.4 (3.2-10.9) μg/L, and Moroccan women had the highest
median DBS-Tg, 62.4 (35.3-93.7) μg/L (Table 1). Supplemental Table 1 shows the median age,
gestational week, weight, height and BMI of women.
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Table 1. UIC and DBS-Tg in pregnant women, by country and trimester
Trimester of pregnancy
1
Morocco

n
UIC (μg/L)
Tg (μg/L)

Niger

7.7 (1)

96

30.8
(16.6-52.8)
a
72.6
(38-110.8)

66.9 (79)

a

68.4 (52)

30.3 (20)

a

18 (9)

a

a

75.7
(41.9-118.6)
a
36.5
(25.3-51.1)

31.5
(16.7-57.6)
62.4
(35.2-93.7)
66.5 (163)
24.6 (34)

254

a

63.9
(31.4-109.5)
a
33.5
(23.1-48.7)

69.5
(37.6-115.9)
34
(23.7-49.3)

a

31.5 (80)

a

32.4 (144)

2

51.7 (46)

a

48.9 (69)

a

49.4 (115)

6

98
b

79.8
(59.4-88.6)
b
4.3
(2-6.8)

292
b,c

86.6
(71.6-119.5)
6.4
(3.2-10.9)

a

0.7 (2)

74.7
(68.4-85.9)
b,c
6.6
(3.1-12.4)

NA

NA

NA

58

58

47

163

145
(90.3-223)
a
15.1
(9.6-21.1)
3.4 (2)
NA

n

66

a

a

132
(68-240)
a
11.5
(7.7-19.2)

a

2.1 (1)

125.5
(52-196.3)
a
13
(8.2-20.9)
1.7 (1)
NA

137.3
(70.7-309.8)
a
26.8
(17.0-37.8)

a

a

131.8
(65.6-336.1)
a
21.8
(14.2-36.3)

3

NA

91
a

3

135
(72-208)
13
(8.5-20.9)
2.5 (4)

NA

96
a

3

445

a

NA
a

1

35.4 (63)

0

TgAb-positive

Tg (μg/L)

28.9
(14.5-57.4)
a
63.3
(34.1-93.8)

245
a

2 (2)

n

UIC (μg/L)

All

a

TgAb-positive

a

rd

76

a

98

155.5
(117.9-203.4)
a
8.5
(5.9-12.6)
0

Elevated Tg (> 43.5 μg/L)

a

a

Elevated Tg (> 43.5 μg/L)

Tg (μg/L)

3

178

81.3
(43.6-156.8)
a
26.5
(22.2-35.8)

n

UIC (μg/L)

a

a

0

Tg (μg/L)

a

13

TgAb-positive

UIC (μg/L)

110

35.7
(21.3-60)
a
54.4
(30.4-79.1)

22.7 (5)

n

nd

118
a

TgAb-positive

Elevated Tg (> 43.5 μg/L)

Switzerland

51

62.7 (32)

Tg (μg/L)

Croatia

2

Elevated Tg (> 43.5 μg/L)

UIC (μg/L)

Philippines

st

256
a

158.1
(57.6-311.7)
a
24.2
(15.5-38)

143.2
(67.2-323.8)
24.6
(15.8-37.1)

Elevated Tg (> 43.5 μg/L)

15.2 (10)

a

14.6 (14)

a

15.4 (14)

a

15 (38)

4

TgAb-positive

24.2 (16)

a

25.3 (24)

a

20.9 (19)

a

23.4 (59)
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Trimester of pregnancy
1
Thailand

South Africa

n

3

115

a

3.3 (5)

Elevated Tg (> 43.5 μg/L)

NA

0.9 (1)

TgAb-positive

NA

15.9 (18)

TgAb-positive
n
UIC (μg/L)
Tg (μg/L)
Elevated Tg (> 43.5 μg/L)
TgAb-positive
n
UIC (μg/L)
Tg (μg/L)

146.2
(101.6-385.7)
a
10.6
(5.2-43.5)
14.3 (1)
0

a

a

113
204.2
(117.7-346.9)
a
29.9
(22.5-42.4)
23.9 (27)
19 (16)

a

a

133

NA

a

7.3 (11)

b

3.8 (4)

4.3 (4)

a

1 (1)

180.1
(110.8-303.8)
b
24.3
(17.9-33.7)
15.3 (19)
21 (21)

a, b

a

174
(95.3-297.6)
8
(4.1-15.1)

a

3.9 (8)

3

2.5 (5)

2

a

339
a

180.7
(102.8-307.1)
25.9
(18.7-35.8)

b

15.6 (53)

157.9
(87.5-275.3)
b,c
22.5
(15.8-31.9)
6.9 (7)

19.6 (18)

a

63
145
(70.8-307.1)
a
6.9
(3.6-14.2)

0.9 (1)

a

0

2.7 (3)

a

3.3 (2)

a

a

310.3
(165.5-427)
a
12.7
(8.6-18.6)

UIC (μg/L)

NA

Tg (μg/L)

NA

Elevated Tg (> 43.5 μg/L)

NA

3.5 (3)

TgAb-positive

NA

24.7 (21)

a

a

3

5 (15)

1,2

156
a

274.3
(151.5-397)
b
8.8
(7-12.8)
1.4 (1)

a

3,4,5

184.4
(92.1-315.3)
9
(5.2-13.7)
1 (3)

71
a

19.9 (55)

4

307

a

85

1,5

a

102
a

11 (29)

3

207

a

a

7.6 (10)

2.2 (6)

3.2 (3)

207.5
(97.3-322.8)
a
8.8
(4.6-12.9)

TgAb-positive

a

157.5
(79.6-314.8)
a
8.3
(4.5-16.9)

197.5
(107.2-291.2)
a
7.3
(4.1-14.7)

111

1.5 (2)

148.7
(96.2-220.9)
8.5
(5.4-13.7)

105

a

159.2
(94.7-313.8)
a
9.4
(6.6-15)

a

a

124
a

Elevated Tg (> 43.5 μg/L)

n

a

95
a

268

152.5
(108.9-216.5)
a
8.5
(5.7-13.7)

145.2
(86.9-230.8)
a
8.5
(4.9-13.8)

7

All

153

NA

n

rd

a

Tg (μg/L)

Elevated Tg (> 43.5 μg/L)

Nepal

NA

nd

NA

Tg (μg/L)

India

2

UIC (μg/L)

UIC (μg/L)

China

st

a

25.4 (18)

290.1
(161.5-403.8)
10.7
(7.4-15.1)
2.6 (4)

a

3

25 (39)

3
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Trimester of pregnancy
1
Tanzania

n
UIC (μg/L)
Tg (μg/L)
Elevated Tg (> 43.5 μg/L)
TgAb-positive

All sites

n
UIC (μg/L)
Tg (μg/L)

st

2

16

nd

3

159
a

474
(409.7-586.3)
a
20.9
(15.7-36)
18.8 (3)
20 (2)

a

a

408.7
(267.6-610.8)
a
24.9
(17.2-35.6)
15.1 (24)

152.2
(81.2-257.2)
a
17.2
(9.2-31.1)

306
a

439.4
(254.8-629.6)
a
28.9
(19.8-40.3)

a

18.3 (24)

a

12 (10)

1237
a

All

131
a

9.1 (9)

553

rd

a

a

133.1
(65.6-288.7)
a
18.7
(8.9-33.4)

16.7 (51)
10.9 (21)

1191

a

429.3
(270.1-614.9)
25.8
(18.2-38.4)
4

1,4,5

2984

a

119.6
(63.5-255.7)
b
19.4
(8.7-34.2)

Elevated Tg (> 43.5 μg/L)

14.1 (78)

a

16.8 (208)

a

16 (190)

a

TgAb-positive

15.2 (49)

a

19.5 (166)

a

18.7 (157)

132.4
(68.3-269.4)
18.8
(8.9-33.3)
16 (476)

a

18.5 (372)

Data are median (IQR) or n (%). Values in the same row/column with different superscript letters/numbers are
significantly different, p<0.05 (Kruskal-Wallis within countries with Dunn-Bonferroni test for post hoc
comparisons; generalized mixed effect model for pooled datasets (all sites) with trimester as fixed factor and
2

country as random factor with Bonferroni test for post hoc comparisons; Χ test followed by z-test for
proportions)

Figure 2 shows the median DBS-Tg plotted against the median UIC by country. The frequency
of elevated DBS-Tg values was significantly higher in iodine-deficient and more-thanadequate countries than in iodine-sufficient countries (p<0.05; Table 1).
The effect of DBS-TgAb on DBS-Tg
DBS-TgAb were measured in 2015 pregnant women; for the remaining women (n=969) we
did not have adequate sample left on the DBS cards to measure TgAb after analyses for the
other thyroid parameters. The overall prevalence of TgAb-positive PW was 18.5% (n=2015;
Table 1). The percentage of TgAb-positive PW was not significantly different between
trimesters: 15.2% in the first, 19.5% in the second and 18.7% in the third, respectively
(p=0.266; Table 1). We found no significant difference in TgAb prevalence between
gestational weeks (p=0.274). The percentage of TgAb-positive PW was significantly higher in
iodine-deficient countries (26.7%; n=237) than in iodine-sufficient countries (12%; n=135;
p<0.01). The overall median (IQR) DBS-Tg concentration in TgAb-negative PW (n=1643) was
16.8 (8.7-30.8) μg/L and in TgAb-positive PW was 24.5 (12.9-40.7) μg/L (n=372; p=0.252;
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Supplemental Figure 1). There was no significant association between DBS-Tg and titers of
DBS-TgAb (p=0.391). Within countries, comparing TgAb-negative and TgAb-positive PW,
median DBS-Tg was significantly different only in Thailand (p=0.039; Supplemental Table 2).
The overall median DBS-Tg in all PW (including TgAb-positive women) (18.3 μg/L) was not
significantly higher than when TgAb-positive women were excluded (16.8 μg/L; p=0.683).
Also, within all countries, we found no significant difference comparing median DBS-Tg in all
PW to TgAb-negative PW (p>0.05 in all the countries; Figure 3). Although the percentage of
elevated Tg values in TgAb-negative PW was 13% (n=213) and was significantly lower than in
TgAb-positive women (22.8%; n=85; p<0.001), the percentage of elevated DBS-Tg values in
all PW (14.8%; n=298) was not significantly different from the percentage when TgAbpositive women were excluded (13%; n=213; p=0.113).

Figure 2. Box plot (median, IQR) of DBS-Tg vs. median UIC by country. Countries are ranked from lowest
median UIC (Morocco 31.5 µg/L) to highest median UIC (Tanzania 429.3 µg/L). The top dotted line represents
th

th

the 97.5 percentile upper reference limit. The middle, solid line is the median (50 percentile). The bottom
th

dotted line is the 2.5 percentile lower reference limit
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Figure 3. Box plot (median, IQR) of DBS-Tg in TgAb-positive and negative (grey color) vs. TgAb-negative only
(white color) by country

Relationships between DBS-Tg and other thyroid function tests
The overall median DBS-TSH (IQR) was 0.7 (0.5-1) mIU/L, and the overall median DBS-TT4
(IQR) was 121 (90-158.7) nmol/L (Supplemental Table 3). There was no significant difference
for pooled median UIC between trimesters. We found a significant difference between
trimesters for pooled median DBS-TSH (p=0.045), median DBS-TT4 (p<0.01) and median DBSTg (p=0.018). Although we did not have data on gestational week for all women, in those
women for whom we had gestational age (n=2437), gestational week was a significant
predictor of DBS-Tg (p<0.001).
The prevalence of thyroid dysfunction, by trimester and site, is presented in Supplemental
Table 4. Pooled DBS-Tg was significantly positively correlated with DBS-TT4 (rs=0.464;
p<0.01), DBS-TSH (rs=0.247; p<0.01) and negatively with UIC (rs=-0.164; p<0.01,
Supplemental Table 5). The overall regression of TT4, TSH and UIC on DBS-Tg was significant:
R2=0.221; p<0.001. The standardized coefficient were: β=0.400 for TT4, β=0.070 for TSH and
β=-0.159 for UIC. The multiple regression of TT4, TSH and UIC on DBS-Tg was significant in
the second and third trimester (p<0.001): R2=0.236; β=0.395 for TT4, β=0.100 for TSH and
β=-0.189 for UIC in the second and R2=0.255; β=0.406 for TT4, β=0.118 for TSH and β=-0.133
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for UIC in the third trimester. In the first trimester a linear regression of DBS-Tg on TT4 and
TSH was conducted. The regression of TT4 and TSH on DBS-Tg was significant (p<0.001):
R2=0.201; β=0.405 for TT4 and β=0.088 for TSH. Pooled TgAb was significantly positively
correlated with DBS-TSH (rs=0.207; p<0.01), DBS-TT4 (rs=0.421; p<0.01), DBS-Tg (rs=0.383;
p<0.01), country (rs=0.233; p<0.01) and negatively with UIC (rs=-0.96; p<0.01). The overall
regression of TgAb on TT4, Tg and TSH was significant (R2=0.304; β=0.421 for TT4, β=0.153
for Tg and β=0.123 for TSH, p<0.01).
Figure 4A, 5A and 6A show the plots of DBS-Tg, DBS-TSH and DBS-TT4 against UIC including
the Loess smoothed line depicting the best fit. To show the influence of iodine intake on
thyroid function we plotted median UIC against the median DBS-Tg, DBS-TSH and DBS-TT4 in
the bubble plots (clustered by country, Figure 4B, 5B and 6B).
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Figure 4. A) Scatterplot (using individuals values of 2984 pregnant women) of DBS-Tg vs. UIC with a Loess
smoothed line added to show best fit. Data are presented on a log scale for both UIC and DBS-Tg. B) Bubble
chart (clustered by country) of median DBS-Tg vs. median UIC with a second-order polynomial trend line. The
size of the bubbles reflects the samples size for each country. Tg, thyroglobulin; UIC, urinary iodine
concentration
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B

Figure 5. A) Scatterplot (using individuals values of 2984 pregnant women) of DBS-TSH vs. UIC with a Loess
smoothed line added to show best fit. Data are presented on a log scale for both UIC and DBS-TSH. B) Bubble
chart (clustered by country) of median DBS-TSH vs. median UIC with a second-order polynomial trend line. The
size of the bubbles reflects the samples size for each country. TSH, thyroid-stimulating hormone; UIC, urinary
iodine concentration

117

MANUSCRIPT 2
A

B

Figure 6. A) Scatterplot (using individuals values of 2984 pregnant women) of DBS-TT4 vs. UIC with a Loess
smoothed line added to show best fit. Data are presented on a log scale for UIC. B) Bubble chart (clustered by
country) of median DBS-TT4 vs. median UIC with a second-order polynomial trend line. The size of the bubbles
reflects the samples size for each country. TT4, total thyroxine; UIC, urinary iodine concentration
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Discussion
Proposed Tg reference ranges in iodine-sufficient areas for adults and children are generally
in the range of 4 to 40 μg/L (Demers and Spencer, 2003; Zimmermann et al., 2006). In this
study, we propose a reference range for DBS-Tg of 0.3-43.5 μg/L, slightly wider but
otherwise similar to the Tg reference range proposed for other population groups (Demers
and Spencer, 2003; Zimmermann et al., 2006). These data suggest that a population of PW
with a prevalence <3% of DBS-Tg ≥44 μg/L may be categorized as iodine-sufficient. In
addition, based on the pooled median DBS-Tg in the reference population of 9.2 μg/L and a
95% CI of 8.7-9.8 μg/L, a target median DBS-Tg of ≈10 μg/L may be used to categorize iodine
sufficiency in a population of PW, a value that is comparable to those proposed for nonpregnant adult populations (Vejbjerg et al., 2009a; WHO et al., 1994). Previous studies in
iodine-deficient PW (defined by a UIC <150 μg/L) have reported a median serum Tg ≥10 μg/L
(Feei Ma and Skeaff, 2014; Koukkou et al., 2014; Moreno-Reyes et al., 2013) across
trimesters. Similarly, previous studies in PW in iodine-deficient areas where UICs were not
measured also support this median Tg value (Delshad et al., 2016; Dominguez et al., 2004;
Kung et al., 2000). In our reference population, DBS-Tg concentrations did not differ
significantly between trimesters, so we recommend a single reference range for all
trimesters.
Over a range from severely-deficient (Morocco) to more-than-adequate iodine intake
(Tanzania), median DBS-Tg showed a shallow U-shaped curve (Figure 4). Increasing severity
of iodine deficiency was associated with higher DBS-Tg and higher prevalence of elevated
DBS-Tg. Higher Tg concentrations in iodine-deficient PW likely reflect an increase in thyroid
activity and/or size (Knudsen et al., 2001; Vejbjerg et al., 2009a) to meet the increased
maternal-fetal requirement for thyroid hormone despite a lack of iodine (Eltom et al., 2000;
Glinoer, 1997; Glinoer et al., 1990). The mechanism of the increase in Tg at high iodine
intakes is uncertain, but may involve a failure of the thyroid to escape from the WolffChaikoff effect, resulting in inhibition of thyroid peroxidase and reduced Tg proteolysis
(Leung and Braverman, 2014). Our data suggest that Tg may be a sensitive functional
indicator of both iodine deficiency and excess in PW, and could be used in conjunction with
UIC, the recommended exposure biomarker (WHO et al., 2007).
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The prevalence of TgAb-positivity among PW has been reported to vary between 2.3-20%
(Hollowell et al., 2002; Marwaha et al., 2008); in our data, the overall prevalence was 18.5%.
Although thyroid autoimmunity typically wanes over the course of gestation (Glinoer et al.,
1994; Kuijpens et al., 1998; Smyth et al., 2005), we did not find a consistent pattern of a
lower prevalence of TgAbs in later gestation. The overall percentage of TgAb-positive PW
was not significantly different between trimesters. In some countries (India, China,
Switzerland, Thailand) there was a decline in TgAb prevalence over gestation, in other
countries (Nepal, South Africa, Morocco, Niger) there was an increase. The prevalence of
TgAbs was significantly higher in the women from iodine-deficient countries compared to
those from iodine-sufficient countries. This is in contrast to studies in non-pregnant women,
where the frequency of thyroid autoimmunity tends to be higher in iodine-sufficient than in
iodine-deficient populations (Zimmermann and Boelaert, 2015).
The cost of measuring TgAbs in large field studies to assess iodine status would only be
justified if their concurrent measurement improved estimates of DBS-Tg. Our data suggest
concomitant TgAb measurement is unnecessary: within countries, comparing all PW to those
who were TgAb-negative (that is, excluding TgAb-positive women), there was no significant
difference in the median DBS-Tg, or in the prevalence of elevated DBS-Tg values.
In our study, among PW in the countries with sufficient or more-than-adequate iodine
intakes, there was no significant correlation between Tg and UIC, TSH or TT4, in agreement
with previous studies in PW (Amouzegar et al., 2014; Brucker-Davis et al., 2012; Eltom et al.,
2000; Fuse et al., 2011; Raverot et al., 2012). This may be due to the iodine-deficient thyroid
upregulating thyroid hormone synthesis and maintaining euthyroidism through mechanisms
independent of TSH (Mitchell et al., 2003; Morreale de Escobar et al., 2000). In contrast, in
the iodine-deficient countries, Tg was significantly positively correlated with TSH in Morocco
and in the Philippines, but not in Niger, while Tg was significantly negatively correlated with
UIC only in Morocco. Previous studies looking for correlations between Tg and UIC in iodinedeficient PW found a negative correlation (Eltom et al., 2000; Moreno-Reyes et al., 2013) or
no significant correlation (Brough et al., 2015; Brucker-Davis et al., 2012). The lack of
correlation between Tg and UIC may be the result of confounding by variable amounts of
iodine stored in the thyroid in iodine-deficient pregnant women that can contribute to
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thyroid hormone synthesis and/or the wide inter-day variability in spot UIC (Zimmermann
and Andersson, 2012).
Strengths of this study include the international study population, the large sample size with
wide variations in iodine status, the use of standardized methods for UIC and thyroid
function tests, and the co-measurement of TgAbs. A limitation of our study is we used a
single spot UIC, expressed as μg/L, to categorize iodine status, per WHO recommendations
(WHO et al., 2007). We tried to at least partially overcome this limitation by assessing
median DBS-Tg in populations of PW living in areas of varying iodine status, and relating this
to the median UIC. However, as discussed above, this may have limited our ability to find
correlations between UIC and Tg, except in the countries with the lowest iodine intakes,
where day-to-day UIC may have been less variable. Also, we did not measure creatinine in
the urine samples and express the iodine concentration per unit creatinine, which might
have improved our individual classification of iodine status (Vejbjerg et al., 2009b). Use of
DBS simplifies collection and transport of samples, which may lower field costs compared to
serum assays. However, if the DBS are collected poorly or incompletely dried, this can
increase variation. Another caveat is that there are large variations between different serum
assays for Tg, limiting direct comparisons between our findings and studies using different Tg
assays. We are uncertain why in two of the countries in our study with successful iodine
programs, China and Switzerland, the median DBS-Tg was greater than 10 μg/L. Despite
these limitations, our findings suggest that the use of DBS-Tg in pregnancy together with UIC
to define iodine status may be a promising approach. If Tg proves to be a sensitive biomarker
of deficient and excess intakes in pregnancy, its future use may allow a refinement of the
current range of median UIC that defines adequate iodine status in PW.

Acknowledgements
We thank Vincent Assey, Susanne Dold, Jessica Farebrother, Césaire Ouédraogo, Joshua
Saltiban, Ryan Wessells, Rebecca Young, the field workers who participated in the sample
collection and the participating pregnant women.

121

MANUSCRIPT 2

References
Amouzegar, A., Khazan, M., Hedayati, M., and Azizi, F., 2014, An assessment of the iodine status and the correlation
between iodine nutrition and thyroid function during pregnancy in an iodine sufficient area: Eur J Clin Nutr, p. 1-4.
Armitage, P., Berry, G., and Matthews, J. N., 2002, Statistical Methods in Medical Research, Blackwell Scientific Publications,
p. 397-399.
Brough, L., Jin, Y., Shukri, N. H., Wharemate, Z. R., Weber, J. L., and Coad, J., 2015, Iodine intake and status during
pregnancy and lactation before and after government initiatives to improve iodine status, in Palmerston North,
New Zealand: a pilot study: Matern Child Nutr, v. 11, p. 646-655.
Brucker-Davis, F., Ferrari, P., Gal, J., Berthier, F., Fenichel, P., and Hieronimus, S., 2012, Iodine status has no impact on
thyroid function in early healthy pregnancy: J Thyroid Res, v. 2012, p. 168764.
CLSI., 2010, Defining, Estabishing and Verifyning Reference Intervals in the Cinical Laboratory. Approved Guidelines. EP28A3C, Clinical and Laboratory Standards Institute. 3rd ed, Wayne, PA., p. 1-72.
De Groot, L., Abalovich, M., Alexander, E. K., Amino, N., Barbour, L., Cobin, R. H., Eastman, C. J., Lazarus, J. H., Luton, D.,
Mandel, S. J., Mestman, J., Rovet, J., and Sullivan, S., 2012, Management of Thyroid Dysfunction during Pregnancy
and Postpartum: An Endocrine Society Clinical Practice Guideline: J Clin Endocrinol Metab, v. 97, no. 8, p. 25432565.
Delshad, H., Touhidi, M., Abdollahi, Z., Hedayati, M., Salehi, F., and Azizi, F., 2016, Inadequate iodine nutrition of pregnant
women in an area of iodine sufficiency: J Endocrinol Invest, v. 39, no. 7, p. 755-762.
Demers, L. M., and Spencer, C. A., 2003, National Academy of Clinical Biochemistry. Laboratory Medicine Practice
Guidelines., Laboratory Support for the Diagnosis and Monitoring of Thyroid Disease, p. 1-125.
Dominguez, I., Reviriego, S., Rojo-Martinez, G., Valdes, M. J., Carrasco, R., Coronas, I., Lopez-Ojeda, J., Pacheco, M., Garriga,
M. J., Garcia-Fuentes, E., Gonzalez Romero, S., and FJ, C. S. E., 2004, Iodine deficiency and thyroid function in
healthy pregnant women: Med Clin (Barc), v. 122, no. 12, p. 449-453.
Eltom, A., Elnagar, B., Elbagir, M., and Gebre-Medhin, M., 2000, Thyroglobulin in serum as an indicator of iodine status
during pregnancy: Scand J Clin Lab Invest, v. 60, p. 1-8.
Feei Ma, Z., and Skeaff, S. A., 2014, Thyroglobulin as a biomarker of iodine deficiency: a review: Thyroid, v. 24, no. 8, p.
1197-1209.
Fingerhut, R., and Torresani, T., 2013, Evaluation of the genetic screening processor (GSP (TM)) for newborn screening: Anal
Methods, v. 5, no. 18, p. 4769-4776.
Fuse, Y., Ohashi, T., Yamaguchi, S., Yamaguchi, M., Shishiba, Y., and Irie, M., 2011, Iodine status of pregnant and postpartum
Japanese women: effect of iodine intake on maternal and neonatal thyroid function in an iodine-sufficient area: J
Clin Endocrinol Metab, v. 96, no. 12, p. 3846-3854.
Glinoer, D., 1997, The regulation of thyroid function in pregnancy: pathways of endocrine adaptation from physiology to
pathology: Endocr Rev, v. 18, no. 3, p. 404-433.
Glinoer, D., de Nayer, P., Bourdoux, P., Lemone, M., Robyn, C., van Steirteghem, A., Kinthaert, J., and Lejeune, B., 1990,
Regulation of maternal thyroid during pregnancy: J Clin Endocrinol Metab, v. 71, no. 2, p. 276-287.
Glinoer, D., Riahi, M., Grun, J. P., and Kinthaert, J., 1994, Risk of subclinical hypothyroidism in pregnant women with
asymptomatic autoimmune thyroid disorders: J Clin Endocrinol Metab, v. 79, no. 1, p. 197-204.
Hollowell, J. G., Staehling, N. W., Flanders, W. D., Hannon, W. H., Gunter, E. W., Spencer, C. A., and Braverman, L. E., 2002,
Serum TSH, T4, and thyroid antibodies in the United States population (1988 to 1994): National Health and
Nutrition Examination Survey (NHANES III): J Clin Endocrinol Metab, v. 87, no. 2, p. 489-499.
Knudsen, N., Bulow, I., Jorgensen, T., Perrild, H., Ovesen, L., and Laurberg, P., 2001, Serum Tg-a sensitive marker of thyroid
abnormalities and iodine deficiency in epidemiological studies: J Clin Endocrinol Metab, v. 86, no. 8, p. 3599-3603.
Koukkou, E., Kravaritis, S., Mamali, I., Markantes, G. G., Michalaki, M., Adonakis, G. G., Georgopoulos, N. A., and Markou, K.
B., 2014, No increase in renal iodine excretion during pregnancy: a telling comparison between pregnant women
and their spouses: Horm-Int J Endocrino, v. 13, no. 3, p. 375-381.
Kuijpens, J. L., Pop, V. J., Vader, H. L., Drexhage, H. A., and Wiersinga, W. M., 1998, Prediction of post partum thyroid
dysfunction: can it be improved?: Eur J Endocrinol, v. 139, no. 1, p. 36-43.
Kung, A. W. C., Lao, T. T., Chau, M. T., Tam, S. C. F., and Low, L. C. K., 2000, Goitrogenesis during pregnancy and neonatal
hypothyroxinaemia in a borderline iodine sufficient area: Clin Endocrinol, v. 53, no. 6, p. 725-731.
Leung, A. M., and Braverman, L. E., 2014, Consequences of excess iodine: Nat Rev Endocrinol., v. 10, no. 3, p. 136-142.
Linnet, K., 2000, Nonparametric estimation of reference intervals by simple and bootstrap-based procedures: Clin Chem, v.
46, no. 6 Pt 1, p. 867-869.
Marwaha, R. K., Chopra, S., Gopalakrishnan, S., Sharma, B., Kanwar, R. S., Sastry, A., and Singh, S., 2008, Establishment of
reference range for thyroid hormones in normal pregnant Indian women: Int J Obstet Gynecol, v. 115, no. 5, p.
602-606.
Mitchell, M. L., Klein, R. Z., Sargent, J. D., Meter, R. A., Haddow, J. E., Waisbren, S. E., and Faix, J. D., 2003, Iodine sufficiency
and measurements of thyroid function in maternal hypothyroidism: Clin Endocrinol (Oxf), v. 58, no. 5, p. 612-616.
Moreno-Reyes, R., Glinoer, D., Van Oyen, H., and Vandevijvere, S., 2013, High prevalence of thyroid disorders in pregnant
women in a mildly iodine-deficient country: a population-based study: J Clin Endocrinol Metab, v. 98, no. 9, p.
3694-3701.
Morreale de Escobar, G., Obregon, M. J., and Escobar del Rey, F., 2000, Is neuropsychological development related to
maternal hypothyroidism or to maternal hypothyroxinemia?: J Clin Endocr Metab, v. 85, no. 11, p. 3975-3987.

122

MANUSCRIPT 2
Okosieme, O. E., and Lazarus, J. H. Thyroglobulin: a thyroid autoantigen and marker of DTC. Available at http://www.clionline.com/fileadmin/pdf/pdf_general/thyroglobulin-a-thyroid-autoantigen-and-marker-of-dtc.pdf
Pino, S., Fang, S. L., and Braverman, L. E., 1996, Ammonium persulfate: a safe alternative oxidizing reagent for measuring
urinary iodine: Clin Chem, v. 42, no. 2, p. 239-243.
Raverot, V., Bournaud, C., Sassolas, G., Orgiazzi, J., Claustrat, F., Gaucherand, P., Mellier, G., Claustrat, B., Borson-Chazot, F.,
and Zimmermann, M., 2012, Pregnant French Women Living in the Lyon Area Are Iodine Deficient and Have
Elevated Serum Thyroglobulin Concentrations: Thyroid, v. 22, no. 5, p. 522-528.
Smyth, P. P., Wijeyaratne, C. N., Kaluarachi, W. N., Smith, D. F., Premawardhana, L. D., Parkes, A. B., Jayasinghe, A., de Silva,
D. G., and Lazarus, J. H., 2005, Sequential studies on thyroid antibodies during pregnancy: Thyroid, v. 15, no. 5, p.
474-477.
Solberg, H. E., 1987, International Federation of Clinical Chemistry (IFCC), Scientific Committee, Clinical Section, Expert
Panel on Theory of Reference Values, and International Committee for Standardization in Haematology (ICSH),
Standing Committee on Reference Values. Approved recommendation (1987) on the theory of reference values.
Part 5. Statistical treatment of collected reference values. Determination of reference limits: J Clin Chem Clin
Biochem, v. 25, no. 5, p. 645-656.
Soldin, O. P., Tractenberg, R. E., Hollowell, J. G., Jonklaas, J., Janicic, N., and Soldin, S. J., 2004, Trimester-specific changes in
maternal thyroid hormone, thyrotropin, and thyroglobulin concentrations during gestation: trends and
associations across trimesters in iodine sufficiency: Thyroid, v. 14, no. 12, p. 1084-1090.
Stagnaro-Green, A., Abalovich, M., Alexander, E. K., Azizi, F., Mestman, J., Negro, R., Nixon, A., Pearce, E., Soldin, O. P.,
Sullivan, S., and Wiersinga, W., 2011, Guidelines of the American Thyroid Association for the Diagnosis and
Management of Thyroid Disease During Pregnancy and Postpartum: Thyroid, v. 21, no. 10, p. 1081-1125.
Stinca, S., Andersson, M., Erhardt, J., and Zimmermann, M. B., 2015, Development and Validation of a New Low-Cost
Enzyme-Linked Immunoassay for Serum and Dried Blood Spot Thyroglobulin: Thyroid, v. 25, no. 12, p. 1297-1305.
Vejbjerg, P., Knudsen, N., Perrild, H., Laurberg, P., Carle, A., Pedersen, I. B., Rasmussen, L. B., Ovesen, L., and Jorgensen, T.,
2009a, Thyroglobulin as a marker of iodine nutrition status in the general population: Eur J Endocrinol, v. 161, no.
3, p. 475-481.
Vejbjerg, P., Knudsen, N., Perrild, H., Laurberg, P., Andersen, S., Rasmussen, L. B., Ovesen, L., and Jorgensen, T., 2009b,
Estimation of Iodine Intake from Various Urinary Iodine Measurements in Population Studies: Thyroid, v. 19, no.
11, p. 1281-1286.
WHO, UNICEF, and ICCIDD, 1994, Indicators for Assessing Iodine Deficiency Disorders and Their Control Through Salt
Iodization, Geneva, Switzerland: World Health Organization.
WHO, UNICEF, and ICCIDD, 2007, Assesment of iodine deficiency disorders and monitring their elimination: A guide for
programme managers, Geneva, Switzerland: World Health Organization.
Zimmermann, M. B., Aeberli, I., Andersson, M., Assey, V., Yorg, J. A. J., Jooste, P., Jukic, T., Kartono, D., Kusic, Z., Pretell, E.,
San Luis, T. O. L., Untoro, J., and Timmer, A., 2013, Thyroglobulin Is a Sensitive Measure of Both Deficient and
Excess Iodine Intakes in Children and Indicates No Adverse Effects on Thyroid Function in the UIC Range of 100299 μg/L: A UNICEF/ICCIDD Study Group Report: J Clin Endocrinol Metab, v. 98, no. 3, p. 1271-1280.
Zimmermann, M. B., and Andersson, M., 2012, Assessment of iodine nutrition in populations: past, present, and future:
Nutr Rev, v. 70, no. 10, p. 553-570.
Zimmermann, M. B., and Boelaert, K., 2015, Iodine deficiency and thyroid disorders: Lancet Diabetes Endocrinol, v. 3, no. 4,
p. 286-295.
Zimmermann, M. B., de Benoist, B., Corigliano, S., Jooste, P. L., Molinari, L., Moosa, K., Pretell, E. A., Al-Dallal, Z. S., Wei, Y.,
Zu-Pei, C., and Torresani, T., 2006, Assessment of iodine status using dried blood spot thyroglobulin: Development
of reference material and establishment of an international reference range in iodine-sufficient children: J Clin
Endocrinol Metab, v. 91, no. 12, p. 4881-4887.
Zimmermann, M. B., Moretti, D., Chaouki, N., and Torresani, T., 2003, Development of a dried whole-blood spot
thyroglobulin assay and its evaluation as an indicator of thyroid status in goitrous children receiving iodized salt:
Am J Clin Nutr, v. 77, no. 6, p. 1453-1458.

.

123

MANUSCRIPT 2

Supplemental Data

Figure 1. Box plot (median, IQR) of DBS-Tg in TgAb-negative vs. TgAb-positive PW (p=0.252)
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Table 1. Age, gestational age, weight, height and BMI of pregnant women
Trimester of pregnancy
All sites

1

Age (years)

Gestational age (weeks)

Weight (kg)

Height (kg)

2

BMI (kg/m )

n

n

n

n

n

st

2

nd

3

rd

All

546

904

857

2310

26.2 (22.4-31)

26 (22-32)

27 (23-32)

26 (22.2-32)

546

942

949

2437

10 (8-12)

21 (19-24)

32 (29-34)

24 (15-30)

308

550

559

1417

53.7 (47-60)

56.2 (50-64.9)

59 (52-68)

56.8 (50-65.3)

307

552

559

1418

154
(150-158)

156.5
(152-160.5)

156
(152-160)

155.7
(151.9-160)

307

550

559

1416

22 (20-25)

23 (21-26.8)

24 (21.7-28)

23 (21-27)

Data are median (IQR)
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Table 2. DBS-Tg in TgAb-positive and TgAb-negative in pregnant women, by country and trimester
Trimester of pregnancy
1
Morocco

n

36.6 (21.7-57.4)

93.8 (70.1-144.5)

55.7 (28.7-80.8)

17

46

41

104

46.4 (25.9-57.9)

72.3 (43.9-94.7)

70 (41.8-125.4)

64.6 (41.5-95)

0.298

0.001

0.380

0.062

n

NA

46

69

115

TgAb +

NA

37.9 (28.3-50.2)

30.6 (22.6-46.7)

32.3 (24-47.2)

3

43

72

118

23.3 (16-NA)

31.1 (20.4-45.9)

35.4 (22.8-45.6)

32.8 (21.7-45.3)

NA

0.164

0.893

0.195

TgAb +

NA

NA

NA

NA

TgAb -

NA

NA

NA

NA

p-value

NA

NA

NA

NA

TgAb +

NA

NA

NA

NA

TgAb -

NA

NA

NA

NA

p-value

NA

NA

NA

NA

n

16

24

19

59

33.9 (20-49.2)

21.5 (12.9-37.1)

25.3 (13.4-36.2)

27.1 (14.2-37.9)

50

72

72

196

26.3 (16.3-35.6)

22.4 (16.1-36.3)

23.8 (15.6-38.1)

24.2 (16-37.1)

0.251

0.526

0.934

0.801

n

NA

18

11

29

TgAb +

NA

5.6 (2.5-12.6)

5.7 (4.3-7)

5.7 (4.2-9.5)

n

NA

95

139

234

TgAb -

NA

8.9 (5.7-14.3)

8.7 (6.2-13.7)

8.9 (6-13.8)

NA

0.141

0.296

0.039

1

TgAb p-value

1

TgAb +
n
TgAb p-value

p-value

126

All

66.8 (35.9-81.7)

n

Thailand

rd

34

p-value

Switzerland

3

9

TgAb -

Croatia

nd

20

n

Philippines

2

5

TgAb +

Niger

st

1

1
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Trimester of pregnancy
1
South Africa

All
5

TgAb +

NA

3.5 (0.6-11.5)

3.5 (--)

3.5 (1-9.4)

7

89

100

196

10.6 (5.2-43.5)

8 (4.5-14.9)

8.5 (4.2-16.4)

8.3 (4.4-16.3)

NA

0.625

0.992

0.371

16

21

18

55

31.6 (28.5-41.7)

19.5 (13.5-32.6)

18.8 (10.7-31.6)

22.8 (15.9-34.4)

68

79

74

221

30.9 (22.4-48.5)

26.3 (18.4-34.1)

22.6 (16.7-31.2)

26.3 (19.1-36.6)

0.780

0.076

0.328

0.119

10

3

2

15

5.5 (2.4-9.6)

9.5 (4.8-NA)

3.6 (1.7-NA)

5.5 (2.5-9.6)

121

107

58

286

9.6 (7.3-15.6)

8.7 (4.1-12.8)

7 (3.5-13.8)

9 (5.4-14.1)

0.336

1

0.472

0.333

n

NA

21

18

39

TgAb +

NA

13.6 (8.7-19.9)

8.6 (7.1-11.3)

9.9 (7.7-15.1)

n

NA

64

53

117

TgAb -

NA

12.5 (8.6-18)

8.8 (6.6-13)

10.9 (7.3-15.5)

NA

0.696

0.577

0.906

2

9

10

21

58.7 (58.7-60.8)

25.1 (18.6-38.2)

26.2 (21.2-49.7)

25.5 (19.7-46.8)

8

90

73

171

20.5 (12-35.3)

24.9 (16.4-34.2)

29.4 (20.1-40.8)

26.5 (18.5-37.9)

0.073

0.626

0.422

0.090

49

166

157

372

31 (10.6-43.4)

22.6 (13-38.9)

24.2 (13.3-39.8)

24.5 (12.9-40.7)

274

685

682

1643

18.8 (9.6-31.7)

16.1 (8.7-29.2)

16.9 (8-31.5)

16.8 (8.7-30.8)

0.028

<0.001

0.002

0.252

2

n

n
TgAb p-value

1

n
TgAb +
n
TgAb p-value

p-value

2

1

n
TgAb +
n
TgAb p-value

All sites

rd

1

TgAb +

Tanzania

3

4

p-value

Nepal

nd

NA

TgAb -

India

2

n

n

China

st

1

n
TgAb +
n
TgAb p-value
1

3

2

3

Data are median (IQR). Independent t-test; Mann Whitney t-test; Generalized mixed effect model with TgAb
positive/negative as fixed factor and country as random factor
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Table 3. DBS-TSH and DBS-TT4 in pregnant women, by country and trimester
Trimester of pregnancy
1
Morocco

n
TSH
(mIU/L)
TT4
(nmol/L)

Niger

n
TSH
(mIU/L)
TT4
(nmol/L)

Philippines

n
TSH
(mIU/L)
TT4
(nmol/L)

Croatia

n
TSH
(mIU/L)
TT4
(nmol/L)

Switzerland

n
TSH
(mIU/L)
TT4
(nmol/L)

Thailand

n
TSH
(mIU/L)
TT4
(nmol/L)

South Africa

n
TSH
(mIU/L)
TT4
(nmol/L)

China

n
TSH
(mIU/L)
TT4
(nmol/L)

India

n
TSH
(mIU/L)
TT4
(nmol/L)

128

st

51
a

2

nd

118
a

3

rd

76
a

All
245

0.6
(0.4-1)
a
116.8
(98.6-136.1)

0.7
(0.5-0.9)
a
121.9
(109-140.3)

0.8
(0.6-1.2)
a
124
(107.4-151.6)

0.7
(0.5-1)
122.4
(107.4-140.9)

13

178

254

445

a

a

a

0.7
(0.4-1.2)
a
191.4
(153.8-234.2)

0.9
(0.7-1.3)
a
197.9
(164.9-228.8)

0.9
(0.6-1.3)
a
189.9
(163.7-229.2)

0.9
(0.6-1.3)
193
(163.7-229)

96

98

98

292

a

a

a

0.3
(0.2-0.4)
a
74.1
(60-93.8)

0.3
(0.2-0.4)
a
72.7
(56.7-88.6)

0.3
(0.2-0.4)
a
72.9
(54.8-91)

0.3
(0.2-0.4)
73.1
(56.9-91.4)

58

58

47

163

a

a

a

0.6
(0.4-0.8)
a
113.7
(100.3-125.2)

0.6
(0.4-0.8)
a
118.8
(106.1-133.6)

0.6
(0.4-0.7)
a
110.7
(97.3-137)

0.6
(0.4-0.8)
114.6
(101.3-133.3)

66

96

91

256

a

a

a

0.8
(0.5-1)
a
130.6
(109.1-159.5)

0.8
(0.5-1)
a
139.8
(125.2-160.2)

0.8
(0.6-1.1)
a
134.8
(113.1-155.9)

0.8
(0.5-1)
137.2
(116-158.1)

NA

115

153

268

a

a

NA
NA
7
a

0.4
(0.3-0.5)
a
58.1
(36.5-77.3)

0.4
(0.2-0.5)
a
54. 8
(36.6-75.2)

0.4
(0.3-0.5)
55.8
(36.6-75.6)

95

105

207

a

a

1
(0.5-1.1)
a
92
(71.7-142.3)

0.7
(0.5-0.8)
a
94.3
(74-113)

0.7
(0.6-0.8)
a
89.1
(67.2-108)

0.7
(0.6-0.8)
91.5
(73.3-112.1)

113

124

102

339

a

a,b

a,c

0.7
(0.5-1.1)
a
119.6
(106.1-145.1)

0.7
(0.6-0.9)
b
155.3
(129.2-175.4)

0.9
(0.6-1.1)
b,c
147.8
(128.4-175.1)

0.8
(0.6-1.1)
141.6
(116-169.2)

133

111

63

307

a

1.1
(0.9-1.4)
a
112
(92.1-155.3)

a

1
(0.7-1.3)
a
116
(93.3-141)

b,c

0.7
(0.6-1)
a
123
(101-152)

1
(0.7-1.3)
116
(93.8-145)

MANUSCRIPT 2
Trimester of pregnancy
1
Nepal

n
TSH
(mIU/L)
TT4
(nmol/L)

Tanzania

n
TSH
(mIU/L)
TT4
(nmol/L)

All sites

n

st

NA
NA
NA
16
a

2

nd

85
a

3

rd

71
a

All
156

0.9
(0.6-1.2)
a
122.9
(96-157.3)

1
(0.7-1.3)
a
123.8
(100.4-139.8)

0.9
(0.7-1.3)
123.4
(98.2-149.7)

159

131

306

b

c

0.5
(0.4-0.7)
a
132
(112.1-178.7)

0.8
(0.6-1)
a
134.6
(109.9-161.2)

0.9
(0.7-1.1)
a
129.3
(104-162.1)

0.8
(0.6-1)
132.6
(109.3-161.5)

553

1237

1191

2984

a

b

a,b

TSH
0.7
0.7
0.7
0.7
(mIU/L)
(0.4-1.1)
(0.5-1)
(0.5-1)
(0.5-1)
a
b
b,c
TT4
112
124.4
123
121
(nmol/L)
(91.5-141.5)
(92.3-159.3)
(86.7-165.2)
(90-158.7)
Data are median (IQR) or n (%). Values in the same row/column with different superscript letters/numbers are
significantly different, p<0.05 (Kruskal-Wallis within countries with Dunn-Bonferroni test for post hoc
comparisons; generalized mixed effect model for pooled datasets (all sites) with trimester as fixed factor and
2

country as random factor with Bonferroni test for post hoc comparisons; Χ test followed by z-test for
proportions)
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Table 4. Thyroid dysfunction and abnormal Tg values in pregnant women, by country and trimester
Trimester of pregnancy
1
Morocco

3

118

rd

All

Subclinical hypothyroidism

0

a

0

a

0

a

0

1

Overt hypothyroidism

0

a

0

a

0

a

0

1

0

a

1.2 (3)

0

a

0

3.9 (2)

a

76

0.8 (1)

a

Overt hyperthyroidism

0

a

0

Hypothyroxinemia

0

a

13.6 (16)

Hyperthyroxinemia

5.9 (3)

a

62.7 (32)

0
a

a

a

a

a

0

n

13

Subclinical hypothyroidism

0

a

0.5 (1)

Overt hypothyroidism

0

a

0

Subclinical hyperthyroidism

0

a

Overt hyperthyroidism

0

Hypothyroxinemia

0

Hyperthyroxinemia

61.5 (8)

Elevated Tg (>43.5 μg/L)

7.7 (1)

b

a,b
a

a

66.5 (163)

445
0.2 (1)

a

0

a

0

1

0

a

0

a

0

1

a

0

a

0

a

0

1

a

1.1 (2)

0.8 (2)

b

16.5 (42)

b

16.9 (75)

31.5 (80)

a

32.4 (144)

35.4 (63)

a

a

a

96

98

98

0

a

0

a

0

1

0

a

0

a

0

1

0

b

2.7 (8)

1

0

a

0.3 (1)

1

Overt hypothyroidism

0

a

Overt hyperthyroidism

6.3 (6)
1 (1)

a

2 (2)

a

0
a

a,b

a

81.6 (80)

b

Hypothyroxinemia

30.2 (29)

Hyperthyroxinemia

0

a

0

a

0

Elevated Tg (>43.5 μg/L)

0

a

0

a

2 (2)

Lower Tg (<0.3 μg/L)

0

a

1 (1)

a

a

a

2

292

74.5 (73)

0

5

1

n

0

0

4

0

Subclinical hypothyroidism

0

0.9 (4)

Lower Tg (<0.3 μg/L)

a

0

a

a

1

a

14 (25)

1

1,2

a

a

1,5

1,2,3

0

a

a

10.6 (26)

0

254

1

1

1.2 (3)

68.4 (52)
0

178

245

13.2 (10)
0

66.9 (79)
0

b

b

Lower Tg (<0.3 μg/L)

Subclinical hyperthyroidism

130

nd

51

Elevated Tg (>43.5 μg/L)

Philippines

2

n

Subclinical hyperthyroidism

Niger

st

b

62.3 (182)
0

a

1

0.7 (2)
0.3 (1)

3

1, 2

3
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Trimester of pregnancy
1
Croatia

Switzerland

Thailand

n

st

2

nd

3

rd

All

58

58

47

0

a

0

a

163
0

1

Subclinical hypothyroidism

0

a

Overt hypothyroidism

0

a

0

a

0

a

0

1

Subclinical hyperthyroidism

0

a

0

a

0

a

0

1

Overt hyperthyroidism

0

a

0

a

0

a

0

1

Hypothyroxinemia

0

a

13.8 (8)

Hyperthyroxinemia

1.7 (1)

a

0

Elevated Tg (>43.5 μg/L)

3.4 (2)

a

1.7 (1)

a

0

b

25.5 (12)

a

0
a

a

2.1 (1)

a

0

b

12.3 (20)
0.6 (1)

a

0

0

n

66

96

91

0

a

0

a

0

1

256

Subclinical hypothyroidism

0

a

Overt hypothyroidism

0

a

0

a

0

a

0

1

Subclinical hyperthyroidism

0

a

0

a

0

a

0

1

Overt hyperthyroidism

0

a

0

a

0

a

0

1

a

Hyperthyroxinemia

15.2 (10)

a

0

Elevated Tg (>43.5 μg/L)

15.2 (10)

a

14.6 (14)

a

Lower Tg (<0.3 μg/L)

0

n

NA

3.1 (3)

a

3 (2)

0

7.7 (7)

b

0
a

a

115

a

4.7 (12)

b

3.9 (10)

15.4 (14)
0

a

a

Subclinical hypothyroidism

NA

0

Overt hypothyroidism

NA

0

a

0

Subclinical hyperthyroidism

NA

0

a

0.7 (1)

Overt hyperthyroidism

NA

0

a

0

Hypothyroxinemia

NA

88.7 (102)

Hyperthyroxinemia

NA

0.9 (1)

a

0

Elevated Tg (>43.5 μg/L)

NA

0.9 (1)

a

3.3 (5)

Lower Tg (<0.3 μg/L)

NA

0.9 (1)

a

0

a

1,3,4,6
4

1, 2

268

0

a

0

1

a

0

1

a

0.4 (1)

a

0

90.3 (139)
a

a

4,5

15 (38)
0

153

a

3

1, 2

Lower Tg (<0.3 μg/L)

Hypothyroxinemia

1,2,3

2.5 (4)

a

1,2

a

a

1

1

89.9 (241)
0.4 (1)

1

2.2 (6)

3

0.4 (1)

6

1,2
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Trimester of pregnancy
1
South Africa

n

7

95
0

a

3

rd

All

105

207

0

Overt hypothyroidism

0

a

0

a

0

a

0

1

Subclinical hyperthyroidism

0

a

0

a

0

a

0

1

Overt hyperthyroidism

0

a

0

a

0

a

0

1

Hypothyroxinemia

0

a

57.9 (55)

Hyperthyroxinemia

0

a

0

n
Subclinical hypothyroidism
Overt hypothyroidism
Subclinical hyperthyroidism

14.3 (1)
0

a

a

113
0.9 (1)
0

a

a

2.9 (3)

a

3.4 (7)

2

0

a

0
0

102
0

0.3 (1)

a

0

a

0

a

0

a

0.9 (3)

1

0

a

0.6 (2)

1

b

Hyperthyroxinemia

14.2 (16)

a

0.8 (1)

b

Elevated Tg (>43.5 μg/L)

23.9 (27)

a

15.3 (19)
0

339

a

5.6 (7)

3 (3)

a, b

a

0

1

5.6 (19)
b

a

0

63
0

2.3 (7)

0

a

0

a

0

Subclinical hyperthyroidism

0

a

0

a

0

a

0.3 (1)

Overt hyperthyroidism

0

a

0

a

0

a

0

Hyperthyroxinemia

18.8 (25)

30.6 (34)
a

b

20.6 (13)

b

17.6 (54)

0

b

8.5 (26)

a

1 (3)

a

0.9 (1)

a

0

Lower Tg (<0.3 μg/L)

0.8 (1)

a

1.8 (2)

a

3.2 (2)

a

1

1

b

1.5 (2)

1

1

0.9 (1)

Elevated Tg (>43.5 μg/L)

4

307

b

a

a

3,6

1

0

5.3 (7)

4

15.6 (53)

Overt hypothyroidism

Hypothyroxinemia

1

2.9 (10)

b

6.9 (7)
0

111
b

a,b

2 (2)

3

1

4.2 (4)

a

5.3 (7)

0

3

0

Subclinical hypothyroidism

a

58.5 (121)

3.9 (8)

Hypothyroxinemia

a

b

a

a

133

62.9 (66)

3.8 (4)

1.6 (2)

n

1

a

a

a

0

3.2 (3)

0

0

0

a

0

124
a

a

2.7 (3)

b

a

Overt hyperthyroidism

Lower Tg (<0.3 μg/L)

132

nd

Subclinical hypothyroidism

Lower Tg (<0.3 μg/L)

India

2

a

Elevated Tg (>43.5 μg/L)

China

st

1,2

4,5,6

3

1.6 (5)

1,2
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Trimester of pregnancy
1
Nepal

Tanzania

n

2

nd

3

rd

All

NA

85

71

Subclinical hypothyroidism

NA

0

a

0

a

0

1

Overt hypothyroidism

NA

0

a

0

a

0

1

Subclinical hyperthyroidism

NA

0

a

0

a

0

1

Overt hyperthyroidism

NA

0

a

0

a

0

1

Hypothyroxinemia

NA

25.9 (22)

Hyperthyroxinemia

NA

1.2 (1)

a

0

Elevated Tg (>43.5 μg/L)

NA

3.5 (3)

a

1.4 (1)

Lower Tg (<0.3 μg/L)

NA

0

n

16

159

a

a

21.1 (15)

0

a

23.7 (37)

a
a

a

1

2.6 (4)

3

0

131

1,2

306

0

Overt hypothyroidism

0

a

0

a

0

a

0

1

Subclinical hyperthyroidism

0

a

0

a

0

a

0

1

Overt hyperthyroidism

0

a

0

a

0

a

0

1

Hypothyroxinemia

0

a

13.8 (22)

Hyperthyroxinemia

25 (1)

Lower Tg (<0.3 μg/L)
n

18.8 (3)
0

0.6 (1)
a

a

553

Subclinical hypothyroidism
Overt hypothyroidism

1.5 (8)
0

b

15.1 (24)
0

a

a

0.1 (1)

a

0
a

a

a

a

Hyperthyroxinemia

12.1 (67)

a

2.6 (32)

Elevated Tg (>43.5 μg/L)

14.1 (78)

a

16.8 (208)

28.4 (351)

b

b

16.7 (51)

a

4

1, 2

a

0.3 (9)

0

a

0
b

0.5 (15)

a

0.1 (3)

30.7 (366)
4 (48)

a

1,2,34,6

0

0

6.9 (38)

1,2

2984

a

0.6 (8)

2.9 (9)

0

0.2 (2)

Hypothyroxinemia

a

16 (49)

a

0.1 (1)

0.2 (1)

0.2 (1)

a

b

18.3 (24)

b

Overt hyperthyroidism

Lower Tg (<0.3 μg/L)

20.6 (27)

0.3 (3)

1.9 (11)

a

1

1191

Subclinical hyperthyroidism

a

0

0

1237
a

0

a

3.1 (4)
a

1,5

0.6 (1)

Subclinical hypothyroidism

a

0

a

156

a

Elevated Tg (>43.5 μg/L)

All sites

st

b

25.3 (755)

b

16 (190)
0.4 (5)

4.9 (147)
a

15.9 (476)

a

0.5 (14)

Data are % (n). Values in the same row/column with different superscript letters/numbers are significantly
2

different p<0.05 (Χ test). Subclinical hypothyroidism defined as TSH >3/3.7 mU/L and normal TT4; overt
hypothyroidism as TSH >3/3.7 mU/L and TT4 <65/97.5 nmol/L; subclinical hyperthyroidism as TSH <0.1 mU/L
and normal TT4; overt hyperthyroidism as TSH <0.1 mU/L and TT4 >165/247.5 nmol/L; hypothyroxinemia as
TT4 <65/97.5 nmol/L and normal TSH; hyperthyroxinemia as TT4 >165/247.5 nmol/L and normal TSH
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Table 5. Spearman’s rho correlation in pregnant women, by country
UIC
(μg/L)
Morocco

UIC (μg/L)

TSH (mIU/L)

TT4 (nmol/L)

Tg (μg/L)

Niger

UIC (μg/L)

TSH (mIU/L)

TT4 (nmol/L)

Tg (μg/L)

Philippines

UIC (μg/L)

TSH (mIU/L)

TT4 (nmol/L)

Tg (μg/L)

134

TSH
(mIU/L)

TT4
(nmol/L)

Tg
(μg/L)

rs

1.000

-0.254**

0.037

-0.240*

p-value

.

0.000

0.565

0.000

rs

-0.254**

1.000

-0.026

0.155*

p-value

0.000

.

0.690

0.015

rs

0.037

-0.026

1.000

-0.124

p-value

0.565

0.690

.

0.052

rs

-0.240**

0.155*

-0.124

1.000

p-value

0.000

0.015

0.052

.

rs

1.000

-0.005

-0.031

-0.067

p-value

.

0.909

0.511

0.161

rs

-0.005

1.000

0.127*

0.049

p-value

0.909

.

0.007

0.300

rs

-0.031

0.127**

1.000

0.075

p-value

0.511

0.007

.

0.115

rs

-0.067

0.049

0.075

1.000

p-value

0.161

0.300

0.115

.

rs

1.000

-0.113

-0.085

0.101

p-value

.

0.055

0.150

0.086

rs

-0.113

1.000

0.269**

0.194**

p-value

0.055

.

0.000

0.001

rs

-0.085

0.269**

1.000

0.342**

p-value

0.150

0.000

.

0.000

rs

0.101

0.194**

0.342**

1.000

p-value

0.086

0.001

0.000

.
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Croatia

UIC (μg/L)

TSH (mIU/L)

TT4 (nmol/L)

Tg (μg/L)

Switzerland

UIC (μg/L)

TSH (mIU/L)

TT4 (nmol/L)

Tg (μg/L)

Thailand

UIC (μg/L)

TSH (mIU/L)

TT4 (nmol/L)

Tg (μg/L)

South Africa

UIC (μg/L)

TSH (mIU/L)

TT4 (nmol/L)

Tg (μg/L)

UIC
(μg/L)

TSH
(mIU/L)

TT4
(nmol/L)

Tg
(μg/L)

rs

1.000

-0.030

0.085

-0.007

p-value

.

0.703

0.281

0.927

rs

-0.030

1.000

0.022

-0.106

p-value

0.703

.

0.781

0.177

rs

0.085

0.022

1.000

0.118

p-value

0.281

0.781

.

0.135

rs

-0.007

-0.106

0.118

1.000

p-value

0.927

0.177

0.135

.

rs

1.000

-0.101

0.054

-0.143*

p-value

.

0.108

0.394

0.022

rs

-0.101

1.000

0.044

0.020

p-value

0.108

.

0.478

0.752

rs

0.054

0.044

1.000

0.116

p-value

0.391

0.478

.

0.065

rs

-0.143*

0.020

0.116

1.000

p-value

0.022

0.752

0.065

.

rs

1.000

-0.008

0.000

0.017

p-value

.

0.901

0.996

0.784

rs

-0.008

1.000

0.264**

0.046

p-value

0.901

.

0.000

0.455

rs

0.000

0.264**

1.000

0.064

p-value

0.996

0.000

.

0.298

rs

0.017

0.046

0.064

1.000

p-value

0.784

0.455

0.298

.

rs

1.000

-0.059

-0.233**

-0.023

p-value

.

0.399

0.001

0.741

rs

-0.059

1.000

-0.079

-0.098

p-value

0.399

.

0.256

0.161

rs

-0.233**

-0.079

1.000

0.090

p-value

0.001

0.256

.

0.199

rs

-0.023

-0.098

0.090

1.000

p-value

0.741

0.161

0.199

.
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China

UIC (μg/L)

TSH (mIU/L)

TT4 (nmol/L)

Tg (μg/L)

India

UIC (μg/L)

TSH (mIU/L)

TT4 (nmol/L)

Tg (μg/L)

Nepal

UIC (μg/L)

TSH (mIU/L)

TT4 (nmol/L)

Tg (μg/L)
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UIC
(μg/L)

TSH
(mIU/L)

TT4
(nmol/L)

Tg
(μg/L)

rs

1.000

-0.083

-0.073

0.072

p-value

.

0.127

0.182

0.186

rs

-0.083

1.000

-0.058

0.113*

p-value

0.127

.

0.283

0.038

rs

-0.073

-0.058

1.000

-0.089

p-value

0.182

0.283

.

0.103

rs

0.072

0.113*

-0.089

1.000

p-value

0.186

0.038

0.103

.

rs

1.000

0.003

0.006

0.027

p-value

.

0.959

0.915

0.634

rs

0.003

1.000

0.260**

-0.015

p-value

0.959

.

0.000

0.795

rs

0.006

0.260**

1.000

0.099

p-value

0.915

0.000

.

0.083

rs

0.270

-0.015

0.099

1.000

p-value

0.634

0.795

0.083

.

rs

1.000

0.086

0.134

0.066

p-value

.

0.286

0.094

0.412

rs

0.086

1.000

0.162*

0.289**

p-value

0.286

.

0.044

0.000

rs

0.134

0.162*

1.000

0.219**

p-value

0.094

0.044

.

0.006

rs

0.066

0.289**

0.219**

1.000

p-value

0.412

0.000

0.006

.
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Tanzania

UIC (μg/L)

TSH (mIU/L)

TT4 (nmol/L)

Tg (μg/L)

All sites

UIC (μg/L)

TSH (mIU/L)

TT4 (nmol/L)

Tg (μg/L)

UIC
(μg/L)

TSH
(mIU/L)

TT4
(nmol/L)

Tg
(μg/L)

rs

1.000

0.027

0.056

0.047

p-value

.

0.639

0.332

0.411

rs

0.027

1.000

0.122*

0.236**

p-value

0.639

.

0.033

0.000

rs

0.056

0.122*

1.000

0.088

p-value

0.332

0.033

.

0.123

rs

0.047

0.236**

0.088

1.000

p-value

0.411

0.000

0.123

.

rs

1.000

0.029

-0.070**

-0.164**

p-value

.

0.110

0.000

0.000

rs

0.029

1.000

0.392**

0.247**

p-value

0.110

.

0.000

0.000

rs

-0.070**

0.392**

1.000

0.464**

p-value

0.000

0.000

.

0.000

rs

-0.164**

0.247**

0.464**

1.000

p-value

0.000

0.000

0.000

.

** Correlation significant at the 0.001 level (2-tailed); * Correlation significant at the 0.05 level (2-tailed)
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Abstract
Iodine deficiency early in the life cycle -the “first 1000 days”- can cause hypothyroidism and
irreversibly impair neuromotor development. However, the relative vulnerability among
women and infants during this critical period is unclear, making it difficult for country
programs with limited resources to prioritize their iodine interventions. Our study aim was
to compare the prevalence of thyroid hypofunction among women of reproductive age,
pregnant women, lactating women and their young infants in an area of moderate-to-severe
iodine deficiency. In a cross-sectional survey in Morocco, we measured spot urinary iodine
concentration (UIC), thyroid-stimulating hormone (TSH) and total or free thyroxine (TT4, fT4)
in these four groups (n=879). We calculated daily iodine intakes and measured iodine
content in breast milk and household salt. Women of reproductive age (n=156), pregnant
women (n=245) and lactating women (n=239) had median (IQR) UICs of 40.8 (29.4-63.4),
31.5 (16.7-57.6) and 35.2 (19.3-62) μg/L, and estimated iodine intakes were ≈60, 22 and 26%
of the Recommended Nutrient Intakes (RNI), but the prevalence of hypothyroidism and
hypothyroxinemia was low: only 1.9%, 0% and 0.4%, and 14.1%, 10.6% and 12.1%,
respectively. Among infants (n=239; mean age 14.0 (11.0-20.5) days) median UIC was 73
(27.5-157) μg/L (p<0.001 vs. all other groups), dietary intakes were 27% of the RNI, and, in
contrast to the women, the prevalence of hypothyroidism and hypothyroxinemia was high:
2.9% and 39.7% (p<0.001 vs. all other groups). Median BMIC (n=239) was 42.3 (26.1-81.1)
μg/L. Only 6% of salt samples were adequately iodized, 54% were inadequately iodized and
40% contained no measurable iodine. In an area of moderate-to-severe iodine deficiency,
the prevalence of thyroid hypofunction is ≈4-fold higher in young infants than in pregnant
and lactating women, suggesting that in the “first 1000 days” infants are the most
vulnerable, and programs should prioritize iodine prophylaxis for this group.
KEYWORDS: breast milk iodine content, hypothyroidism, iodine, iodine deficiency, iodized
salt, lactating women, pregnant women, thyroid hormones, thyroid-stimulating hormone,
thyroxine, urinary iodine concentration, women of reproductive age
Abbreviations: BMIC, breast milk iodine content; fT4, free thyroxine; ID, iodine deficiency; LW,
lactating women; PW, pregnant women; RNI, recommended nutrient intake; TSH, thyroidstimulating hormone; T3, triiodothyronine; TT4, total thyroxine; UIC, urinary iodine concentration;
WRA, women of reproductive age.
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Introduction
Iodine deficiency early in the human life cycle -the “first 1000 days”- can irreversibly impair
brain development, cause neurocognitive impairment and increase infant mortality (Cao et
al., 1994; DeLong et al., 1997). Pregnant and lactating women are at high risk for iodine
deficiency because their iodine requirements are increased ≈40% compared to prepregnancy (Leung et al., 2011; Stagnaro-Green et al., 2011). Infants are also vulnerable
because their thyroidal iodine stores are small, and thyroxine turnover and iodine
requirements per kg body weight are higher than at any other age (Brown, 2012; Delange,
1998). Even in countries where schoolchildren are iodine-sufficient, these groups can have
insufficient intakes (Andersson et al., 2010).
Therefore, programs to control iodine deficiency in populations need to focus on the “first
1000 days”. In countries with limited resources and health infrastructure, better
understanding of the impact of iodine deficiency during this period could improve program
delivery and prioritize interventions. However, few studies have compared the relative
vulnerability of women of reproductive age, pregnant and lactating women and infants in
areas of moderate-to severe iodine deficiency (as defined by a median urinary iodine
concentration (UIC) less than 50 μg/L, WHO et al., 2007).
Morocco, a low-to-middle income country with a population of 33.9 million (The World
Bank) in the Maghreb region of North Africa, has national legislation since 1995 calling for
mandatory iodization of food-grade salt. However, there has been poor compliance by the
salt industry and a lack of government enforcement. A national iodine survey done in 1993
reported the national median UIC in children was 69 μg/L (Chaouki et al., 1996). Later
regional studies in rural school children have suggested Morocco remains moderate-toseverely deficient.
Two approaches to monitoring iodized salt and iodine deficiency disorders (IDD) in
populations are cross-sectional surveys and sentinel surveys. Cross-sectional surveys can
provide representative estimates for a population, but because large cross-sectional surveys
tend to be performed infrequently and can be costly, sentinel surveys can be done with sites
selected in areas where IDD is known to be prevalent or in areas with low iodized salt
coverage, particularly if there is concern about the status of pregnant and lactating women
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and/or infants (WHO et al., 2007). A previous small survey in women of reproductive age
(n=51) in the province of Al-Haouz in southern Morocco reported a median UIC of 36 μg/L
and poor or absent salt iodization (Herter-Aeberli I., Personal Communication, 2016).
Therefore, we performed a cross-sectional sentinel survey in southern Morocco to define
the current severity of iodine deficiency and associated thyroid hypofunction during the
“first 1000 days”. Our study aims were to compare the prevalence of thyroid hypofunction
among women of reproductive age, pregnant women, lactating women and young infants in
an area of moderate-to-severe iodine deficiency and to assess relative vulnerability of these
groups.

Subjects and Methods
Study design and participants
We carried out this sentinel study in Marrakech. All samples were collected in the town of
Amizmiz in Al-Haouz province in southern Morocco, about 80 km southeast of Marrakech.
Most of the salt in this region comes from the large salt producer in Marrakech. The study
was approved by ethical review committees of the ETH Zurich (Zurich, Switzerland); the
provincial delegation of the Ministry of Health (Al-Haouz, Morocco); and for the study in the
breastfeeding mothers and their infants, the local medical review board at the Mohammed
VI University Hospital (Marrakesh, Morocco). A local nurse explained the study procedures
to the participants in local Berber dialect and obtained informed oral consent, because many
mothers were illiterate. The study protocol complied with the Declaration of Helsinki and
local laws and regulations. The study in the women of reproductive age was conducted
between December 2013 and May 2014 (Herter-Aeberli et al., 2015); in the breastfeeding
mother-infant pairs between August 2010 and August 2011 (Bouhouch et al., 2013) and in
the pregnant women between May 2014 and May 2016.
We recruited a convenience sample of healthy women of reproductive age, pregnant
women and breastfeeding mother-infant pairs presenting for preventive care at the district
health center of Amizmiz. The mother-infant pairs were recruited at their first vaccination
visit, and the inclusion criteria were: healthy mother-infant pairs with no history of major
medical illnesses or thyroid dysfunction; taking no long-term medications; no history of
iodine supplementation during pregnancy or lactation; infant 8 weeks of age or younger
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born full term and weighing 2.5 kg or greater; and exclusively breastfeeding mother.
Inclusion criteria for the women of reproductive age were: age from 20 to 50 y; no history of
major medical illnesses or thyroid dysfunction; not taking long-term medications (except for
oral contraceptives); overweight, defined as a BMI greater than 27 kg/m2; no history of
iodine supplementation; and not pregnant or lactating. Pregnant women inclusion criteria
were: healthy pregnant women aged 18-45 y; singleton pregnancy; no history of major
medical illnesses or thyroid dysfunction; no long-term medications; no history of iodine
supplementation.
Women presented to the health center between 0800 and 1200 h. We collected a spot urine
sample from the women and infants; the absorbent pad method for collecting the infant
urine sample has been described previously (Dorey and Zimmermann, 2008). We collected
whole blood through a forearm venipuncture in the women of reproductive age and
transported it on ice to the laboratory for processing in the afternoon of the sampling day.
We centrifuged the whole blood at room temperature for 10 min at 3000 g, then we
aliquoted and stored the serum samples at -20°C until analysis. We collected whole blood by
finger prick in the pregnant and lactating women and by heel stick in the infants onto filter
paper cards, dried them at room temperature overnight and placed them into airtight plastic
bags. The lactating women provided a breast milk sample of roughly 5 mL by manual
expression into a plastic flask; an aliquot was frozen on the collection day. Anthropometry
measurements were done using calibrated hospital equipment while the infants and women
were wearing light indoor clothing and no shoes. For the women, we measured height using
a rigid stadiometer and weight using a digital scale. In the infants, we measured weight with
a mechanical baby scale and length with a portable infant length measure. The women were
asked to provide a ≈10 g sample of their household salt.
Laboratory analyses
We aliquoted and froze the urine, filter paper cards, serum and breast milk samples at -20°C
and transported them to the Human Nutrition Laboratory of ETH Zurich for analysis. We
measured urinary iodine and salt iodine concentration in duplicate using a modification of
the Sandell-Kolthoff method (Pino et al., 1996). Laboratory-specific urine controls were used
for the analysis and the coefficient of variation (CV) was 9.6% at 35 μg/L, 5.6% at 63 μg/L,
3.3% at 197 μg/L and 3.1% at 220 μg/L. The Human Nutrition Laboratory successfully
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participates in the quarterly external validation of the Program to Ensure the Quality of
Urinary Iodine Procedures (EQUIP) (Centers for Disease Control and Prevention, Atlanta, GA,
USA). We used the WHO/UNICEF/ICCIDD criteria based on median (m) UIC to classify iodine
nutrition in mothers and infants: adequate iodine intake: mUIC ≥100 μg/L in women of
reproductive age, lactating women and infants, and mUIC ≥150 in pregnant women (WHO et
al., 2007). We classified salt samples containing at least 15 ppm as adequately iodized (WHO
et al., 2007). We measured breast milk iodine concentration (BMIC) by using inductivelycoupled plasma mass spectrometry (Haldimann et al., 1998). We measured thyroid
stimulating hormone (TSH) and total thyroxine (TT4) concentrations in whole blood samples
collected on filter paper cards using an automated time-resolved fluoroimmunoassay (TSH
[DELFIA NeoTSH, PerkinElmer Life Sciences, Turku, Finland] and TT4 [DELFIA Neonatal T4 kit,
PerkinElmer Life Sciences]) (Fingerhut and Torresani, 2013; Torresani and Scherz, 1986). For
infants, we applied age-specific reference ranges for TSH and TT4 as supplied by the
manufacturer: for TSH: 0-7 days, 0.1-10.5 mIU/L; 7-21 days, 0.1-5.3 mIU/L; 21-60 days,
0.1-5 mIU/L; for TT4: 0-7 days, 114-245 nmol/L; 7-21 days, 123-170 nmol/L; 21-60 days, 84170 nmol/L. Reference ranges for TSH and TT4 in women of reproductive age were supplied
by the manufacturer: for TSH, 0.1-3.7 mIU/L; for TT4, 65-165 nmol/L. Reference ranges for
pregnant women were defined as TSH 0.1-3 mIU/L in the first trimester (18% lower than the
manufacturer’s reference range (Stagnaro-Green et al., 2011)), and for the second and third
trimesters, the manufacturer’s reference range: TSH 0.1-3.7 mIU/L. Reference range for
pregnant women for TT4 were: 65-165 nmol/L in the first trimester and for the second and
third trimester, we multiplied the non-pregnant adults reference range by 1.5 and used the
resulting range of 97.5-247.5 nmol/L (De Groot et al., 2012). In the women of reproductive
age, for the serum samples, an automated chemiluminescence immunoassay (Immulite
2000, Siemens Healthcare Diagnostics) was used to determine free thyroxine (fT4) and TSH.
Reference ranges given by the manufacturer were: fT4, 0.89-1.76 ng/dL; TSH, 0.4-4 mIU/L. In
all groups, overt hypothyroidism was defined as an elevated TSH and a low TT4 or fT4.
Subclinical hypothyroidism was defined as an elevated TSH and a normal TT4 or fT4. Overt
hyperthyroidism was defined as a low TSH and an elevated TT4 or fT4. Subclinical
hyperthyroidism was defined as a low TSH and a normal TT4 or fT4. Isolated
hypothyroxinemia was defined as a low TT4 or fT4 and a normal TSH.
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Data and statistical analyses
Statistical analysis was conducted using IBM SPSS Statistics v23 (IBM Corp., Armonk, NY). For
the infants, we used WHO Anthro (v3.2.2, 2011; WHO, Geneva, Switzerland) to calculate age
and sex-specific length-for-age Z scores, weight-for-length Z scores, and weight-for-age Z
scores using the 2007 WHO growth standards. Data were checked for normality by using the
Kolmogorov-Smirnov test. Skewed data were log-transformed before analysis and as the
data were again not normal distributed, we did analysis using non-parametric test. Data are
presented as medians (IQR). Outliers for UIC (>1000 μg/L) and BMIC (>500 μg/L) were
defined as more than 3SD from the mean and were excluded from the analysis. Comparisons
among the four groups (infants, lactating women, pregnant women, women of reproductive
age) were performed by using Kruskal-Wallis test followed by Dunn-Bonferroni pairwise
correction. Spearman’s rho correlation was used to measure the association between UIC
and the other parameters (BMIC, TSH, TT4 and fT4). Chi-square test, followed by z-test with
Bonferroni correction, was used to investigate differences in the prevalence of thyroid
disease between groups. A p value <0.05 was considered to be significant for all analyses.
The median UICs (expressed in µg/L) from the study were converted into median daily iodine
intakes by assuming a median 24h urinary volume of 300 mL in the infants (Wong et al.,
2011), 1.5 L in the women of reproductive age and the lactating women, and 1.8 L in the
pregnant women, and estimating dietary iodine bioavailability to be 90% (Institute of
Medicine, 2001).

Results
Women of reproductive age (n=156; median (IQR) age 39 (34-43) y) had a median UIC of
40.8 (29.4-63.4) μg/L, and 1.9% were hypothyroid and 14.1% were hypothyroxinemic (Table
1). UIC correlated negatively with TSH (r=-0.175; p=0.033) and positively with fT4 (r=0.280;
p<0.01), and there was a negative correlation between TSH and fT4 (r=-0.241; p<0.01).
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Table 1. Age, anthropometric characteristics, UIC, TSH, free T4, and prevalence of thyroid hypofunction among
women of reproductive age in southern Morocco
Younger women
(aged 21-36 y)

Older women
(aged 37-51 y)

All

57

99

156

Age (y)

32 (29-34)

42 (39.5-45.5)

39 (34-43)

Weight (kg)

75 (70-83)

79 (70-85)

77 (70-85)

Height (cm)

160 (150-160)

160 (150-160)

160 (150-160)

BMI (kg/m )

2

31 (29.1-33.3)

32 (29.7-34.6)

31.6 (29.3-34.4)

UIC (μg/L)

44 (32.2-64.4)

38.9 (28.1-61.7)

40.8 (29.4-63.4)

<100 μg/L

50 (87.7)

94 (94.9)

144 (92.3)

<50 μg/L

32 (56.1)

61 (61.6)

93 (59.6)

<20 μg/L

4 (7)

8 (8.1)

12 (7.7)

TSH (mIU/L)

1.3 (0.9-1.8)

1.1 (0.8-1.9)

1.2 (0.8-1.9)

fT4 (ng/dL)

1.01 (0.94-1.07)

0.98 (0.91-1.08)

0.99 (0.91-1.07)

n

Subclinical
hypothyroidism
Overt
hypothyroidism

0

a

2 (3.5)

Hypothyroxinemia

1 (1)
a

7 (12.3)

a

0

a

1 (0.6)

a

15 (15.2)

2 (1.3)
a

22 (14.1)

Total thyroid
a
a
9 (15.8)
16 (16.2)
25 (16)
hypofunction
Data are median (IQR) or n (%). Subclinical hypothyroidism defined as TSH >4 mIU/L and normal T4; overt
hypothyroidism defined as TSH >4 mIU/L and fT4 <0.89 ng/dL; hypothyroxinemia as fT4 <0.89 ng/dL and
normal TSH. For the percentage of thyroid disease, values in the same row with different superscript letters are
2

significantly different, p<0.05 (Χ test followed by z-test)

Pregnant women (n=245; median (IQR) gestational age 21 (15-29) week) had a median UIC
of 31.5 (16.7-57.6) μg/L, and none were hypothyroid and 10.6% were hypothyroxinemic
(Table 2). UIC correlated negatively with TSH (r=-0.254; p<0.01), but there were no
significant correlations between UIC and TT4 (r=0.037; p=NS) or between TSH and TT4
(r=-0.026; p=NS). Lactating women (n=239; median age 26 (22-32) y) had a median UIC of
35.2 (19.3-62) μg/L, median BMIC (IQR) of 42.3 (26.1-81.1) μg/L, and 0.4% were hypothyroid
and 12.1% were hypothyroxinemic (Table 3). UIC correlated positively with TT4 (r=0.179;
p=0.006) and with BMIC (r=0.701; p<0.01) but there were no significant correlations
between UIC and TSH (r=-0.073; p=NS) or between TSH and TT4 (r=0.078; p=NS).
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Table 2. Age, gestational age, anthropometric characteristics, UIC, TSH, total T4 and prevalence of thyroid
hypofunction among pregnant women in southern Morocco
st

nd

rd

1 Trimester

2 Trimester

3 Trimester

All

51

118

76

245

26.5 (22.3-32)

27 (23-35.8)

27 (22-34)

27 (22-34)

11 (8-12)

20 (16-24)

33 (29-35.5)

21 (15-29)

Weight (kg)

64.3 (56.1-73.5)

61.7 (57-73.8)

71 (64-79.5)

67 (58-74)

Height (cm)

153.6 (152-156)

157 (151.3-160)

155 (153-160)

155 (152-160)

UIC (μg/L)

35.7 (21.3-59.9)

28.9 (14.5-57.3)

30.8 (16.5-52.8)

31.5 (16.7-57.6)

<150 μg/L

51 (100)

115 (97.5)

72 (94.7)

238 (97.1)

<100 μg/L

47 (92.2)

112 (94.9)

70 (92.1)

229 (93.5)

<50 μg/L

34 (66.7)

87 (73.7)

56 (73.7)

177 (72.2)

TSH (mIU/L)

0.6 (0.4-1)

0.7 (0.5-0.9)

0.8 (0.6-1.2)

0.7 (0.5-1)

TT4 (nmol/L)

116.8 (98.6-136.1)

121.9 (109-140.3)

124 (107.4-151.6)

122.4 (107.4-140.9)

n
Age (y)
Gestational age
(wk)

Subclinical
hypothyroidism
Overt
hypothyroidism
Hypothyroxinemia

0

a

0

a

0

a

0

0

a

0

a

0

a

0

0

a

16 (13.6)

b

10 (13.2)

b

26 (10.6)

Total thyroid
a
b
b
0
16 (13.6)
10 (13.2)
26 (10.6)
hypofunction
Data are median (IQR) or n (%). Subclinical hypothyroidism defined as TSH >3/3.7 mIU/L and normal TT4; overt
hypothyroidism defined as TSH >3/3.7 mIU/L and TT4 <65/97.5 nmol/L; hypothyroxinemia as TT4 <65/97.5
nmol/L and normal TSH. For the percentage of thyroid disease, values in the same row with different
2

superscript letters are significantly different, p<0.05 (Χ test followed by z-test)

Infants 2 weeks of age or less (n=125; median age 11 (9-12) d) had a median UIC of 69.3
(27.6-135.3) μg/L, and 2.4% were hypothyroid, and 44.8% were hypothyroxinemic (Table 3).
UIC correlated positively with BMIC (r=0.390; p<0.01) but there were no significant
correlations between UIC and TT4 (r=-0.119; p=NS), between UIC and TSH (r=0.083; p=NS) or
between TSH and TT4 (r=0.049; p=NS). Infants older than 14 days (n=114; median age 21.5
(16-47) d) had a median UIC of 74.9 (27.5-192.8) μg/L, and 3.5% were hypothyroid and
34.2% were hypothyroxinemic (Table 3). UIC correlated positively with BMIC (r=0.636;
p<0.01) and with TSH (r=0.270; p=0.006), but there were no significant correlations between
UIC and TT4 (r=-0.047; p=NS) or between TSH and TT4 (r=-0.016; p=NS). Among all women
and infants, there were no cases of hyperthyroidism.
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Table 3. Age, anthropometric characteristics, UIC, TSH, total T4 and prevalence of thyroid hypofunction among
lactating women and their infants in southern Morocco
Mothers

≤14 d infants

>14 d infants

All infants

239

125

114

239

26 (22-32) y

11 (9-12) d

21.5 (16-47) d

14 (11-20.5) d

F

M=65/F=60

M=66/F=48

M=131/F=108

Weight (kg)

63 (56-69)

3.9 (3.5-4.3)

3.9 (3.5-4.3)

3.9 (3.5-4.3)

Height (cm)

155 (152-161)

51.3 (49.6-53.2)

51.3 (49.6-53.6)

51.3 (49.6-53.3)

25.6 (23.1-28.2)

ND

ND

ND

WHZ

ND

0.6 (-0.2-1.1)

0.7 (0-1.4)

0.6 (-0.1-1.3)

WAZ

ND

0.3 (-0.5-0.9)

0.1 (-0.5-0.7)

0.2 (-0.5-0.8)

HAZ

ND

-0.3 (-1.1-0.4)

-0.5 (-1.4-0.2)

-0.4 (-1.2-0.3)

42.3 (26.1-81.1)

41.4 (25.8-75.9)

47 (26.4-83.8)

42.3 (26.1-81.1)

<20 μg/L

33 (15.1)

18 (15.6)

15 (14.4)

33 (15.1)

UIC (μg/L)

35.2 (19.3-62)

69.3 (27.6-135.3)

74.9 (27.5-192.8)

73 (27.5-157)

<100 μg/L

193 (82.8)

74 (64.9)

61 (59.8)

135 (62.5)

<50 μg/L

155 (66.5)

46 (40.4)

42 (41.8)

88 (40.7)

<20 μg/L

65 (27.9)

16 (14)

14 (13.7)

30 (13.9)

TSH (mU/L)

0.6 (0.5-0.8)

0.8 (0.6-1.1)

0.9 (0.6-1.2)

0.8 (0.6-1.1)

TT4 (nmol/L)

94.6 (76.1-117)

125 (101-145)

116.5 (97.8-143)

120 (98.1-143.5)

0

1 (0.8)

a

0

1 (0.4)

2 (1.6)

a

4 (3.5)

29 (12.1)

56 (44.8)

n
Age
Gender

2

BMI (kg/m )

BMIC (μg/L)

Subclinical
hypothyroidism
Overt
hypothyroidism
Hypothyroxinemia

a

a

1 (0.4)
a

39 (34.2)

6 (2.5)
a

95 (39.7)

Total thyroid
a
b
30 (12.6)
61 (48.8)
40 (35.1)
101 (42.3)
hypofunction
Data are median (IQR) or n (%). In infants, subclinical hypothyroidism defined as increased TSH (relative to age
specific cutoffs) and normal TT4; overt hypothyroidism defined as increased TSH (relative to age specific cutoff)
and low TT4 (relative to age specific cutoffs); and hypothyroxinemia defined as TT4 less than age-specific cutoff
and normal TSH. In mothers, subclinical hypothyroidism defined as TSH >3.7 mIU/L and normal TT4; overt
hypothyroidism defined as TSH >3.7 mIU/L and T4 <65 nmol/L; and hypothyroxinemia as TT4 <65 nmol/L and
normal TSH. For the percentage of thyroid disease, values in the same row with different superscripts are
2

significantly different, p<0.05 (Χ test followed by z-test)
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We found statistically significant differences in UIC, TSH and T4 concentration among the
four groups (p<0.001). Infants had a significantly higher UIC (p<0.001 vs. all other groups)
and a higher prevalence of thyroid hypofunction (p<0.001 vs. all other groups). The
prevalence of subclinical and overt hypothyroidisms was not significantly different among
the groups, while hypothyroxinemia was significantly higher in infants (p<0.001 vs. all other
groups). Infants 2 weeks of age or less had a greater prevalence of thyroid hypofunction
compared to infants older than 14 days (p=0.032). In pregnant women, we found no
difference in the prevalence of hypothyroxinemia and total hypofunction among trimesters.
We found no difference in the prevalence of thyroid hypofunction in younger vs. older
women of reproductive age. The overall prevalence of thyroid disorders was not significantly
different between women of reproductive age (16%), pregnant women (10.6%) and lactating
women (12.6%).
The median daily iodine intakes were: 89.6 μg/d in the women of reproductive age (≈60% of
the WHO RNI of 150 μg/d); 55.9 μg/d in the pregnant women (≈22% of the WHO RNI of 250
μg/d µg/day); 64.7 µg/d in the lactating women (≈26% of the WHO RNI of 250 μg/d); and
24.3 µg/d in the infants (≈27% of the WHO RNI of 90 µg/d).
In salt samples collected during the study period, only 6% (four of 72) of samples were
adequately iodized; 54% (39 of 72) of samples contained measurable iodine but were
inadequately iodized and 40% (29 of 72) of samples contained no measurable iodine.

Discussion
Iodine deficiency can impair health throughout the life cycle, but the effects in pregnancy
and infancy are particularly critical since they may irreversibly damage fetal and child
development (Bougma et al., 2013; Zimmermann, 2012). Hypothyroidism due to iodine
deficiency has a myriad of effects on the developing brain, including impaired neuronal
myelination, maturation and migration, and impaired synaptic transmission (Bernal, 2005;
Zoeller and Rovet, 2004). Several recent observational studies have suggested even mild-tomoderate iodine deficiency during pregnancy may lead to long-term cognitive impairments
of the child (Bath et al., 2013; Hynes et al., 2013). Controlled studies have demonstrated that
iodine supplementation before or during early pregnancy in moderate-to-severely iodinedeficient areas eliminates new cases of cretinism, increases birth weight, reduces rates of
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perinatal and infant mortality and generally increases developmental scores in young
children by 10-20% (Zimmermann, 2012). The severity of iodine deficiency described in this
region is likely severe enough to be causing adverse effects on infant and child development.
Our findings suggest young infants are the group most at risk of thyroid hypofunction due to
iodine deficiency in the “first 1000 days”. In our study, pregnant and lactating women, and
infants all had iodine intakes estimated to be only about 25% of the RNI. But only about 1 in
6 women had hypothyroidism or hypothyroxinemia, while nearly half of the infants did.
Young infants may be particularly vulnerable to low dietary intakes because they have
minimal amounts of iodine stored in their thyroid. Even in areas of iodine sufficiency,
newborn stores are estimated to be only ≈300 μg (Delange, 1998), and in our iodinedeficient study area, newborns likely have negligible stores, making them entirely dependent
on a regular source of dietary iodine. The adult thyroid is able to sharply up-regulate
fractional thyroidal clearance of circulating iodine during iodine deficiency but the immature
newborn thyroid may be less able to do this (Brown, 2012; Delange and Dunn, 2005). Finally,
the iodine requirement per kg body weight during infancy is sharply higher than later in life,
in order to support high T4 production rates: T4 turnover is estimated to be ≈5-6 µg/kg/day
during infancy, decreasing to ≈2-3 µg/kg/day in 3-9 y-old children and to ≈1.5 µg/kg/day in
adults (Brown, 2012).
Although the pregnant women in this study had estimated iodine intakes only 22% of their
RNI, most were able to maintain euthyroidism. This was likely achieved by drawing on the
little thyroid stores they had while maximizing thyroidal clearance of plasma iodine to
reduce renal losses. There is a physiological increase in TT4 during pregnancy, because of
estrogen-induced increased secretion of thyroxine binding globulin (TBG) and this raises the
reference range for TT4 by 50% compared to before pregnancy (Glinoer, 1997; Lazarus,
2000). It is important that nearly all of the pregnant women in our study had levels of TT4
well within this increased range, as T4 is the thyroid hormone that crosses the placenta to
support fetal development. An adaptation to iodine deficiency is to increase thyroidal
secretion of triiodothyronine (T3) over T4, as T3 is much more potent and yet requires only
three, instead of four, iodine atoms for its synthesis (Delange and Dunn, 2005). Although we
did not measure T3 in this study, it is reassuring that TT4 levels were mostly in the normal
range among the pregnant women, suggesting thyroid hormone concentrations were likely
150

MANUSCRIPT 3

sufficient to maintain maternal and fetal euthyroidism. There are few data on how low
maternal iodine intake (as assessed by UIC) must fall in order to precipitate a decrease in
maternal T4. In Danish pregnant women with iodine intakes of ≈50 µg/d, thyroid hormone
levels were within the normal range (Pedersen et al., 1993). In French pregnant women with
a mUIC of 50-54 µg/L during pregnancy, more than 90% of women had normal serum TSH
but 17% had a low fT4 in the third trimester (Caron et al., 1997). Among pregnant women in
Chile, T4 began to fall and TSH to rise only when the UIC fell below ≈35 µg/L (Silva and Silva,
1981). In Chinese pregnant women with a mean UIC of 33 µg/L, only 2% had a low T4 but
18% had an elevated TSH (DeLong et al., 1994).
Universal salt iodization (USI) is the most effective mean to assure optimal population iodine
status, and the key strategy to prevent and control iodine deficiency (WHO et al., 2007). It
appears USI can meet the requirements of pregnant women, lactating women and infants if
salt is adequately iodized and coverage is high and sustained (Wang et al., 2009). However,
in the absence of an effective salt iodization program, in countries or areas in which less
than 20% of the households have access to iodized salt, WHO and UNICEF recommend that
the most vulnerable groups, pregnant and lactating women, should be supplemented with
iodine until salt iodization is scaled up (Untoro et al., 2007). For infants, either
supplementation or use of iodine-fortified complementary foods may be possible
interventions. In cases where it is difficult to reach pregnant and lactating women,
supplementation to all women of reproductive age is advised (Untoro et al., 2007). The
recommended dosages for women of reproductive age, pregnant and lactating women are
either a daily dose of 150-250 µg or a single annual dose of oral iodized oil of 400 mg. For
children less than 2 years of age, either a daily dose of 90 µg or a single annual dose of oral
iodized oil of 200 mg can be given (Untoro et al., 2007).
Based on these recommendations, our data suggest supplementation is indicated in this
population and priority should be given to increasing iodine intakes in young infants. In a
previous study done in an area of presumed iodine deficiency, oral iodized oil (100 mg
iodine) was given to Indonesian infants in conjunction with oral poliovirus vaccine at roughly
6 weeks of age to assess the effect on mortality (Cobra et al., 1997). There was a 72%
decrease in infant mortality during the 2 months of follow-up and co-provision of the iodized
oil did not reduce neutralizing antibody responses to the vaccine. In a recent controlled trial
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(Bouhouch et al., 2013), indirect infant supplementation with 400 mg of iodized oil given to
lactating mothers resulted in significantly higher maternal UIC, BMIC, and infant UIC than did
direct infant supplementation with 100 mg of iodized oil. The duration of the effect of
indirect supplementation was 9-12 months, and the 400 mg iodine dose in oil given to
lactating women was safe for both mother and infant (Bouhouch et al., 2013). Because
infant immunization rates are very high in nearly all countries, providing iodized oil to
lactating mothers at the first vaccination visit is a strategy that could be easily implemented
within existing health delivery systems, such as in this region of southern Morocco.
Several countries in the Maghreb region of North Africa remain at risk of iodine deficiency
(Iodine Global Network), including Morocco, with a population of nearly 34 million
(Royaume Du Maroc). Although Morocco has enacted national legislation mandating
compulsory salt iodization at the national level (Hafid et al., 2011), because of poor
compliance by the salt industry and a lack of enforcement by the government, most foodgrade salt on the market remains un-iodized or iodized at inadequate levels. A national
survey in 2015 reported that only 25% of household salt samples were adequately iodized
(Zahidi et al., 2016). A study on the socio-economic impact of iodine deficiency in Morocco
estimated that it accounted for losses of up to 1.5% of gross domestic product (GDP), due to
lost productivity and decreased educability (Ministry of Health of Morocco and UNICEF,
2011). Continuing moderate-to-severe iodine deficiency may be contributing to the recent
stagnation in gross national income per capita in Morocco, compared to other developing
countries in the Middle East and North Africa (The World Bank). In conclusion, in the “first
1000 days”, infants are the most vulnerable group: the prevalence of thyroid hypofunction is
≈4 times higher in young infants than in pregnant and lactating women. Iodine programs
should prioritize iodine prophylaxis for this group.
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The overall aims of this thesis were to: 1) develop and validate new, low-cost, serum and
DBS ELISA assays to assess Tg concentrations and monitor iodine nutrition status and thyroid
function (Manuscript 1); 2) establish a reference range for DBS-Tg in iodine-sufficient
pregnant women, test the DBS-Tg reference range in pregnant women with a wide range of
iodine intakes and determine if co-measurement of DBS-TgAb along with DBS-Tg is
necessary in population studies of iodine status in pregnant women (Manuscript 2); 3)
compare the prevalence of thyroid hypofunction among women of reproductive age,
pregnant women, lactating women and their young infants in an area of moderate-to-severe
ID (Manuscript 3).
Manuscript 1
The new low-cost serum and DBS-Tg assays perform well over a wide range of Tg
concentrations. These two new assays, especially the DBS one, have several advantages over
current assays such as: they do not require sophisticated instruments or facilities; they
require minimal amount of serum/blood (20-50 μL); they can be implemented in many
laboratories worldwide; serum and DBS assay can be used interchangeably, and the costs for
materials, reagents, and antibodies are only US$1-1.5 compared with commercial RIA, IRMA,
IFMA, and ICMA Tg assays where the costs are typically around US$5-7. Constraints of these
new assays are the higher values measured at the lower end of the range and the higher
variation found in sample duplicates than in control duplicates, suggesting collection and/or
storage of DBS can be a source of measurement bias (Zimmermann et al., 2003).
Manuscript 2
In our cross-sectional study in pregnant women in 11 countries with varying ethnicity and
iodine intakes ranging from deficient to more-than-adequate, Tg concentrations showed a
shallow U-shaped curve. Median Tg values were significantly higher in iodine-deficient
pregnant women than in iodine-sufficient pregnant women. We observed two different
trends in Tg concentrations depending on the iodine status: 1) in iodine-deficient and morethan-adequate areas, Tg increased during pregnancy and remained elevated across
trimesters at a fairly consistent level, 2) in iodine-sufficient areas, there was no or little
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decrease in Tg during pregnancy. We found that DBS-Tg is a sensitive biomarker of iodine
status in pregnant women both at population and individual level. We proposed a median
DBS-Tg ≈10 μg/L or a DBS-Tg reference range of 0.3-43.5 μg/L to indicate iodine sufficiency
in pregnant women.
Manuscript 3
In an area of moderate-to-severe ID, the prevalence of thyroid hypofunction was
approximately 4-fold higher in young infants than in pregnant and lactating women. This
suggested that in the “first 1000 days” infants are the most vulnerable group, and programs
should prioritize iodine prophylaxis for this group. The severity of ID described in this region
is severe enough to be causing adverse effects on pregnant women outcome, infant and
child development. As already mentioned in the literature review, ID can impair health
throughout the life cycle, but the effects in pregnancy and infancy are particularly critical
since they may irreversibly damage the fetus and child development (Bougma et al., 2013;
Zimmermann, 2012).

Critical evaluation and future research
Notwithstanding the many promising results we have produced in this thesis, there are
additional opportunities for improvement that could bring more value to these research
studies.
1. DBS collection procedure
As mentioned in the literature review, the collection of DBS samples requires highly
standardized procedures and needs to be carried out carefully to avoid bias from poor
collection technique. Although the DBS-Tg assay simplifies collection and transport, it is fieldfriendly and does not require venipuncture, centrifugation or frozen transport, it is often
subject to criticism from clinicians and technicians because of bias introduced by poorquality collection. Before the start of the study and with sample collection, the principal
investigator needs to thoroughly and properly instruct the study team on the finger prick
procedure and may need to consider taking serum samples if there are too many difficulties
properly implementing the DBS procedure. Careful sample collection, alongside with proper
drying and storage conditions could reduce the high variation between sample duplicates.
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2. Implementation directly at the study site
The method would be most ‘field-friendly’ if interested researchers could implement the
DBS-Tg assay at a local laboratory at the study site. A standardization program for DBS-Tg,
like the one for UIC measurements (EQUIP Program, CDC Atlanta) would be valuable. It could
provide to each laboratory and each study site the quality control materials, homogenous
analytical guidelines, and technical training and consultations that would be needed to
address laboratory quality-assurance issues related to Tg measurements, and this would
greatly improve the inter-laboratory comparisons.
3. External factors limiting the DBS assay
Future research should investigate the effects of hematocrit, temperature, humidity, longterm stability and intra- and inter-individual variability on DBS-Tg measurements. Particularly
in newborns, hematocrit may influence the rheological properties of blood dried onto filter
paper, may affect the amount and distribution of serum proteins and introduce error into
the quantitative recovery of analytes from DBS (Ehrenkranz, 2016; Hall et al., 2015; O'Mara
et al., 2011). DBS specimens should be exposed to high and low temperatures as well as to
diverse humidity conditions to simulate the variations in shipping and storage conditions.
Then, the integrity of the Tg molecule should be evaluated to determine if it was
compromised, as reported for TSH (Adam et al., 2011).
Short-term stability and freeze-thaw studies of serum and DBS-Tg measurements have
demonstrated that this analyte is sufficiently stable when stored at -20°C and that there is
no significant influence of repeated freeze-thaw cycle on Tg concentrations (Spencer and
Fatemi, 2013; USC Endocrine Laboratories, 2016; Zimmermann et al., 2006). However, longterm stability studies, ≥1 up to 10 years, have not been done and are needed to investigate
the evaporation, degradation and alteration of the Tg structure.
To confirm our previous findings, i.e. that the biological variation in serum is 14-16% and the
one in DBS is around 21%, a study involving ≥20 healthy subjects, who will provide a serum
and DBS specimen at monthly intervals for one year, should be carried out (Andersen et al.,
2003).
Further testing and optimization through the above studies will allow DBS-Tg to become a
truly field-friendly method and encourage its wide adoption as a biomarker.
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4. Evaluate the need of a correction factor for serum and DBS-Tg assay
Currently there is no reference method to measure serum Tg concentrations. Inter-assay
variability is still ca. 29%, even after the introduction of CRM-457 reference material, and
between serum methods Tg values can vary by two-to-four fold (Demers and Spencer,
2003). One approach would be to use our new ELISA assays as a ‘reference’ method to
measure serum and DBS-Tg concentrations.
In order to facilitate the comparison of results from studies using our new ELISA assays with
the ones obtained with other assays, we suggest that a comparison study should be done to
investigate the need for a correction factor. At least 300 serum and 300 DBS samples should
be collected and measured with two different serum assays employing the same technique,
i.e. both IRMA or RIA, and our DBS-Tg assay. Then correlation and Bland-Altman analysis
should be performed and the need of correction factor explored.
5. Further validation of the TgAb assay and establishment of international cut-off
As presented in the literature review, we adapted, optimized and validated a serum TgAb
ELISA assay to work with DBS specimens. Although we showed that the concurrent
measurement of TgAb in pregnant women does not appear to be necessary to assess
population iodine status, further studies should better define the effects of TgAb in field
studies of iodine status. For serum and DBS samples, we propose to use the same assay cutoff for TgAb negative samples, i.e. <65 IU/mL.
There is a need to further validate the TgAb assay by measuring at least 300 serum and 300
DBS samples, by conducting the correlation and Bland-Altman analysis and by determining
the sensitivity, specificity, accuracy, precision and lower limit of detection.
Future studies should try to overcome the problem of TgAb misclassification by focusing on
method standardization, establishment of international reference range and/or cut-off
values used to define positive and negative TgAb results. To date, depending on the TgAb
method used, one subject can be classified as TgAb positive or TgAb negative.
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6. New Tg and TgAb human based reference material
As outlined in the literature review, the CRM-457 Tg and the MRC 65/93 TgAb reference
material might be useful to standardize and to compare the results between different Tg and
TgAb assays. The problem with these materials is that they were prepared almost 23
respectively 38 years ago and may have degraded and unfolded over the time (Giovanella et
al., 2015).
More efforts, from all laboratories worldwide, should be made to: reduce the betweenmethod (inter-assay) variability, standardize every Tg and TgAb assays, investigate the
stability of the current available reference material, and produce new human based
reference and quality control material.
7. Establish and evaluate DBS-Tg reference range in other population groups
In our Manuscript 2 we proposed a single reference range and a median cut-off for all
trimesters to define iodine sufficiency in pregnant women. The median cut-off is comparable
to those proposed for adult populations (Vejbjerg et al., 2009; WHO et al., 1994). To confirm
and extend our findings, more surveys investigating DBS-Tg from regions where the median
UIC in pregnant women is between 50-150 μg/L should be carried out and compared to nonpregnant women. Future research should also focus on the establishment of DBS-Tg
reference ranges in other target population groups for iodine monitoring, such as women of
reproductive age (non-pregnant women), weaning infants, newborns and adolescents.
DBS-Tg concentrations in school-age children, over a range of iodine intake from severely
deficient to excessive, were already assessed with the DELFIA assay and showed a clear Ushaped curve (Zimmermann et al., 2013). The reference range was 3-44 μg/L and the median
cut-off that indicates iodine sufficiency was <13 μg/L (Zimmermann et al., 2013).
During our cross-sectional study, we also assessed DBS-Tg concentrations in women of
reproductive age living in 3 different countries (unpublished data). Overall, we found no
significant differences in DBS-Tg and UIC concentration between pregnant and non-pregnant
women. Our results are supported by previous studies (Berghout et al., 1994; Mitchell et al.,
2003), but are also in contrast to a recent one (Li C. et al., 2016). Further investigation,
including more study sites and extended subjects, is needed. Particularly, it is necessary to
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clarify if, as a result of physiological changes during pregnancy, there is a need of a different
reference range in pregnant and non-pregnant women.
8. Presence of TgAb and TPOAb
As discussed in the literature review, TgAb may interfere with the methods that measure Tg
concentration and lead to falsely low or high Tg concentration. In our cross-sectional study in
pregnant women, the overall prevalence of TgAb positivity was 18.5%. The prevalence of
TgAbs was significantly higher in the women from iodine-deficient countries compared to
those from iodine-sufficient countries. However, within countries, median DBS-Tg did not
significantly differ between all women and those who were TgAb negative. Thus, we
concluded that the concurrent measurement of TgAb does not appear to be necessary to
assess population iodine status.
We tried to identify if the magnitude of TgAb interference was correlated to the Tg
concentrations, and we found that this relationship was not linear, polynomial or
exponential and was also not easy to interpret. The low or high Tg values, i.e. the under- or
over-estimation of the true Tg values, were not predicted by the magnitude of TgAb
interference. Contrary to what is reported in the literature, we were unable to show that low
TgAb concentrations may be associated with strong interference with the Tg measurement,
whilst high TgAb concentrations may show no evidence of interference (Giovanella et al.,
2015; Spencer, 2004).
Future research should investigate the potential influence of TPOAb positivity on DBS-Tg
concentrations under different levels of iodine intake. TPOAb are specific for the TPO
glycoprotein, which catalyzes iodine oxidation and Tg iodination reactions in the thyroid
gland and may influence Tg synthesis and proteolysis (Taurog, 1999). Furthermore, TPOAb
are involved in thyroid dysfunction and may constitute a risk factor for overt and subclinical
hypothyroidism, miscarriage, preterm delivery, perinatal death, postpartum thyroid
dysfunction and impaired motor, and intellectual development in the offspring (FeldtRasmussen, 1996; Mehran et al., 2013).
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9. Establish and evaluate DBS-TSH and DBS-TT4 reference ranges in pregnant women
Serum TSH trimester-specific reference ranges were established by the American Thyroid
Association in 2011, while for T4 (free or total) there are currently no trimester-specific
reference ranges. DBS-TSH and DBS-TT4 are widely used in newborn screening programs for
congenital hypothyroidism, but no trimester-specific reference ranges have been proposed
for pregnant women. The prevalence and classification of all thyroid dysfunction is largely
dependent on the diagnostic criteria and cut-off values (upper and lower limits) applied.
Therefore, the reference ranges used for pregnant women to classify their thyroid function
in Manuscript 2 and Manuscript 3 may have led to classification bias.
In our attempt to determine the conversion factor necessary to compare serum and DBS
specimens, we found that 2 serum TSH units are equivalent to 1 whole blood TSH unit and
that 1.6 serum TT4 units are equivalent to 1 whole blood TT4 unit (Table 1). The limitation of
our work was related to the iodine status of the pregnant women used to calculate these
conversion factors. Thai pregnant women were mildly iodine-deficient and Indian pregnant
women iodine-sufficient. Preferably, we should have included ≥3 populations with adequate
iodine intake.
However, we suggest for TSH to divide the American Thyroid Association serum reference
ranges by 2 to obtain the following DBS reference ranges: 0.05-1.25 mIU/L for first trimester,
0.1-1.5 mIU/L for second and 0.15-1.5 mIU/L for third trimester instead of the one previously
used: 0.1-3 mIU/L for first trimester, 0.1-3.7 mIU/L for second and third trimester.
For TT4 we advise to use the non-pregnancy reference range of 65-165 nmol/L for the first
trimester and to multiply the non-pregnancy reference range by 1.5 according to the
literature (Demers and Spencer, 2003; De Groot et al., 2012) or by 1.6 according to our
findings for the second and third trimester, and consequently use the following reference
ranges of 97.5-247.5 nmol/L or 104-264 nmol/L for both the second and third trimesters.
Using these new DBS reference ranges will allow better estimation of the prevalence of
thyroid dysfunction and will more accurately reflect the physiological changes during
pregnancy. For example, in our cross-sectional study using the TSH reference of
0.1-3 mIU/L for first trimester, 0.1-3.7 mIU/L for second and third trimester and TT4
reference range of 65-165 nmol/L for first trimester and 97.5-247.5 nmol/L for second and
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third trimester, we found an overall incidence of: 0.3% (9) of subclinical hypothyroidism, no
cases of overt hypothyroidism, 0.5% (15) of subclinical hyperthyroidism, 0.1% (3) of overt
hyperthyroidism, 25.3% (755) of hypothyroxinemia and 4.9% (147) of hyperthyroxinemia.
Instead, with the newly suggested TSH and TT4 reference ranges, the prevalence of the
above thyroid disease is: 6.6% (198), 0.5% (15), 0.3% (8), 0.03% (1), 27.8% (829) and 3.4%
(103). As we can see, the overall prevalence of thyroid hypofunction is significantly higher
than when using the other reference ranges and the rate of hyperfunction is reduced.
Although we have now available a conversion factor for serum and DBS TSH/TT4
comparison, future research should aim to establish reference ranges for DBS-TSH and DBSTT4 in iodine-sufficient pregnant women and to test them in pregnant women with a wide
range of iodine intakes, like we did for the DBS-Tg reference range. Preliminary results
carried out with the same datasets used to establish DBS-Tg reference range, indicate that
TSH concentrations change significantly among trimesters while TT4 not. This suggests that
there is no need for trimester-specific TT4 reference ranges. The 2.5th and 97.5th percentiles
were: 0.3 and 2.1 mIU/L for TSH and 42.6 and 210.6 nmol/L for TT4. Trimester-specific TSH
ranges were 0.5-3.8, 0.2-2.1 and 0.3-1.7 mIU/L, while trimester-specific TT4 ranges were
53.4-245.1, 43.0-210.2 and 38.1-192.4 nmol/L.
10. Establish and evaluate DBS-TSH and DBS-TT4 reference ranges in infants
As mentioned above, the cut-off values and reference ranges for diagnosis of thyroid disease
are strongly dependent on the method used. In the Manuscript 3 we might have
misclassified the thyroid disorders in the infants. The DBS-TSH and DBS-TT4 reference ranges
provided by the University Children's Hospital of Zurich (Swiss Newborn Screening
Laboratory, Switzerland) may need to be revised as the data are quite obsolete; the number
of observations in each group was probably too small to feed a solid statistical analysis; the
data were calculated without taking into account the gestational age and some of the
samples from days 0-3 were taken from premature babies, who have lower TT4 (Torresani,
2016). Reference ranges for DBS-TSH and DBS-TT4 provided by the manufacturer
(PerkinElmer Life Sciences, Turku, Finland) were established from two different studies
conducted in newborns >24h old. The DBS-TSH on whole blood reference range for the
Study 1 (n=2081) was 0-602 (median 3.2) mIU/L and for the Study 2 (n=2033) 0.1-182
(median 3.6) mIU/L.
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The DBS-TT4 on serum reference range was 6.5-420 (median 204) nmol/L for the Study 1
(n=2114) and 31.0-447.6 (median 185) nmol/L for the Study 2 (n=1955). The main limitation
of these ranges is that they are not age-adjusted and likely did not take into consideration
changes in the hematocrit.
Until further studies will be available, we suggest to measure DBS-TSH and DBS-TT4
concentrations by only using the GSP neonatal TSH and TT4 assays (PerkinElmer Life
Sciences, Turku, Finland) and to use the DBS reference ranges provided by the University
Children's Hospital of Zurich.
11. Serum and DBS TSH/TT4 conversion factor for all population groups
Table 1 summarizes our findings on the comparison of serum and DBS values in different
population groups. If the DBS samples need to be analyzed with other assays or if DBS
reference ranges need to be established using the serum reference range, we recommend
to: 1) divide the laboratory/method-specific serum TSH reference range by 2.22 or 2 to
obtain the DBS-TSH reference range on whole blood; 2) divide the laboratory/methodspecific serum TT4 reference range by 2 or 1.6 to obtain the DBS-TT4 reference range on
whole blood. Serum TT4 and DBS-TT4 concentrations on serum are directly comparable,
therefore no conversion factor is needed.
Table 1. Conversion factor for serum and DBS-TSH and DBS-TT4. Data taken from American Academy of
Pediatrics et al. (2006); Package Insert (2012a, b); Section 5.4.1 and 5.4.2
Groups

Conversion factor TSH

All

Conversion factor TT4
1 μg/dL serum=0.5 μg/dL whole blood
1 μg/dL serum=12.9 nmol/L serum
1 μg/dL serum=6.5 nmol/L whole blood
1 nmol/L whole blood=2 nmol/L serum

Newborn 1-28 days

1 mIU/L whole blood=2.22 mIU/L serum

1 nmol/L whole blood=2 nmol/L serum

Infant ≤1 year

1 mIU/L whole blood=2.22 mIU/L serum

1 nmol/L whole blood=2 nmol/L serum

Adults 1-99 years

1 mIU/L whole blood=2 mIU/L serum

1 nmol/L whole blood=2 nmol/L serum

Pregnant women

1 mIU/L whole blood=2 mIU/L serum

1 nmol/L whole blood=1.6 nmol/L serum
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12. Correlation between Tg and TSH, TT4, UIC
In our cross-sectional study in iodine-sufficient and more-than-adequate iodine countries,
we found no correlation between Tg and UIC, TSH and TT4. In contrast, in the iodinedeficient countries, Tg was significantly positively correlated with TSH in Morocco and in the
Philippines, while Tg was significantly negatively correlated with UIC only in Morocco.
The lack of correlation between Tg, TSH, TT4 and UIC may be the result of a biased variable
amounts of iodine stored in the thyroid in iodine-deficient pregnant women that can
contribute to thyroid hormone synthesis and/or the wide inter-day variability in spot UIC.
Most of the studies conducted in iodine-sufficient and deficient countries reported no
correlation between UIC and thyroid hormones (Aguayo et al., 2013; Amouzegar et al., 2014;
Blumenthal et al., 2012; Brough et al., 2015; Brucker-Davis et al., 2012; Costeira et al., 2010;
Fister et al., 2011; Fuse et al., 2011; Glinoer et al., 1990; Hieronimus et al., 2009; Li C. et al.,
2016; Luton et al., 2011; Missler et al., 1994; Rasmussen et al., 1989; Raverot et al., 2012;
Soldin et al., 2005). Previous studies looking for correlations between Tg and UIC in iodinedeficient pregnant women found a negative correlation (Eltom et al., 2000; Moreno-Reyes et
al., 2013) or no significant correlation (Brough et al., 2015; Brucker-Davis et al., 2012).
Conflicting results are reported in the literature are potentially due to: a) differences in
methodology used to assess the thyroid function parameters; b) not all three trimesters
were assessed; or c) insufficient numbers of subjects were included in the studies. To
summarize, future research should try and clarify if there is a correlation between Tg and
TSH, TT4 or UIC in iodine-sufficient, as well as iodine-deficient pregnant women.
13. Iodine supplementation studies in pregnant women
To date, several countries are still at risk of ID (Iodine Global Network). The key strategy to
fight ID in pregnancy remains universal salt iodization (USI). When the implementation of
this program is not feasible, i.e. less than 20% of the households have access to iodized salt,
iodine supplementation should be considered (WHO et al., 2007). The recommended
dosages for women of reproductive age, pregnant and lactating women are either a daily
potassium iodine dose of 150-250 µg or a single annual dose of iodized oil of 400 mg. For
children less than 2 years of age, either a daily iodine dose of 90 µg or a single annual dose
of oral iodized oil of 200 mg can be given (Untoro et al., 2007). The aim of both strategies is
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to: ensure an adequate iodine supply during pregnancy, correct pre-existing ID, reduce its
adverse effects on both the mother and fetus, and support adequate thyroid function
throughout the gestation (Glinoer, 2007a). Beside the above actions, one should apply the
required preventive measures in order to ensure plentiful intrathyroidal iodine stores
(10-20 mg) and adequate iodine nutrition (≥150 μg/day) before conception (Becker et al.,
2006; Glinoer, 2007b; Zimmermann, 2009).
Do all the pregnant women, iodine-sufficient and iodine-deficient, need iodine
supplementation? Which criteria are used to define if the pregnant women need
supplementation? Which changes happen to the thyroid function after iodine
supplementation? To date, these questions are still open and there are still no evident
answers.
The American Thyroid Association and the European Thyroid Association guidelines
recommend iodine supplementation in all pregnant women, while the Endocrine Society
guideline focuses on the importance of considering the iodine status in the country in
general when deciding on iodine supplementation (Abalovich et al., 2007; Andersen and
Laurberg, 2016; De Groot et al., 2012; Lazarus et al., 2014; Stagnaro-Green et al., 2011).
According to WHO and UNICEF recommendations, if the population median UIC is ≥100 µg/L
and there is high and sustained coverage of households with iodized salt, pregnant women
do not need iodine supplementation. Contrary, if the population median UIC is <100 µg/L,
pregnant women should take iodine supplements (Andersen and Laurberg, 2016; WHO et
al., 2007; WHO Secretariat et al., 2007).
To date, there are few studies investigating both the thyroid function and UIC changes in
pregnant women suffering from severe ID (Eltom et al., 2000; Luton et al., 2011). Five
intervention trials conducted in severe ID pregnant women, reported benefits in the
offspring such as a decrease in the incidence of endemic cretinism and an improvement of
cognitive scores (Cao et al., 1994; Fierro-Benitez et al., 1988; O'Donnell et al., 2002; Pharoah
et al., 2012; Thilly et al., 1978; reviewed by Zimmermann, 2012).
Up to the present time, no interventional studies have unequivocally demonstrated the
benefits of iodine supplementation on pregnancy outcome in mild-to-moderate iodinedeficient pregnant women (Taylor et al., 2013). Ten intervention trials in mild-to-moderate
iodine-deficient pregnant women showed increased maternal UIC, reduced maternal thyroid
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size, reduced maternal serum Tg, no effects on maternal total or free T4 and T3, and
reduced maternal TSH within the normal reference range and significantly improvement in
the neurologic scores of the offspring (Antonangeli et al., 2002; Berbel et al., 2009; Glinoer
et al., 1995; Liesenkötter et al., 1996; Nohr et al., 2000; Pedersen et al., 1993; Romano et al.,
1991; Silva and Silva, 1981; Velasco et al., 2009; Zimmermann, 2007; reviewed by
Zimmermann, 2012). No clear dose-response relationship was found between UIC and TSH,
Tg, T4, T3 or thyroid volume. This suggests that in areas of mild-to-moderate ID, the
maternal thyroid is able to adapt to meet the increased thyroid hormone requirements of
pregnancy (Zimmermann, 2012).
Future large interventional studies should aim to investigate if there is a need of iodine
supplementation in pregnant women, which are the benefits and risks for the pregnant
women and the offspring, and which iodine dose should be administered considering
efficacy, effectiveness and safety of iodine supplementation. These studies should focus
primarily on maternal thyroid function (Tg, TSH and TT4) and UIC changes, secondarily on
fetal thyroid function and thirdly on how long it takes to achieve an iodine-sufficient normal
condition, i.e. median UIC ≥150 μg/L and adequate thyroid iodine stores.
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Implications for public health
This thesis provides new insights in the assessment of iodine status in pregnant women. The
results and conclusions of this thesis will be relevant not only to all public health institutions
(WHO, UNICEF, GAIN, others), researchers in the field of nutrition and pregnancy, but also to
medical doctors such as endocrinologist, gynecologist and pediatricians. This thesis suggests
that Tg has potential to become a widely used functional biomarker to assess iodine status
at the individual and the population level, in conjunction with UIC measurements, not only in
pregnant women but also in the other population groups.
Future iodine status monitoring studies should not only include children, but also pregnant
women and women of reproductive age. Governments, ministries of health and local
institutions should take preventive measures in order to ensure adequate thyroid iodine
stores and adequate iodine nutrition status well before conception.
Furthermore, our findings show that young infants are the most exposed group at risk of
thyroid hypofunction due to ID in the “first 1000 days”. Based on our results, we suggest to
introduce iodine supplementation in this population if iodized salt is unavailable and to give
priority to increasing iodine intakes in young infants.
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CONCLUSIONS
Overall, the Tg and TgAb methods we developed, adapted and validated in this thesis, are
highly promising and provide a further step forward to the assessment of iodine status at
both individual and population level. We propose an international DBS-Tg reference range of
0.3-43.5 µg/L and/or a median DBS-Tg ≈10 μg/L with less than 3% of values ≥44 μg/L to
indicate iodine sufficiency in pregnant women.
This thesis contributes to the deepening of the understanding of Tg changes during
pregnancy under varying iodine status. Tg and TgAb concentrations as well as their cut-off
values are important for monitoring thyroid function and iodine status in pregnant women
worldwide. Our findings suggest that the measurement of DBS-Tg concentration together
with median UIC represents the best combination of biomarkers to evaluate the iodine
status and iodine intake in pregnant women. Furthermore, this thesis demonstrates that in
area of moderate-to-severe ID, young infants appear to be the most vulnerable group at risk
of thyroid hypofunction. WHO, UNICEF, GAIN and IGN, as well as national nutrition
programs, should implement strategies to eliminate moderate-to-severe ID in all population
groups, but a particularly focus should be placed on providing adequate iodine during early
infancy.
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