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Individualized treatment to optimize eventual cognitive
outcome in congenital hypothyroidism

Jacoba J. Bongers-Schokking', Wilma C.M. Resing?, Wilma Oostdijk?, Yolanda B. de Rijke** and

Sabine M.PF. de Muinck Keizer-Schrama'

BACKGROUND: In congenital hypothyroidism (CH),
age-specific reference ranges (asRR) for fT, and thyrotropine
(TSH) are usually used to signal over/under-treatment. We
compared the consequences of individual fT, steady-state
concentrations (S5C’s) and asRR regarding over-treatment sig-
naling and intelligence quotient at 11y (IQ,,) and the effect of
early over-treatment with high L-T, dosages on 1Q, .
METHODS: Sixty-one patients (27 severe, 34 mild CH) were
psychologically tested at 1.8, 6, and 11 y. Development scores
were related to over-treatment in the period 0-24 mo, relative
to either individual fT4SSC’s or asRR. Three groups were formed,
based on severity of over/under-treatment 0-5 mo (severe,
mild, and no over/under-treatment).

RESULTS: FT, and TSH asRR missed 41-50% of the over-
treatment episodes and consequently 22% of the over-treated
patients, classified as such by fT4SSC’s‘ Severe over-treatment
0-5mo led to lowered 1Q,,'s and to a 5.5-fold higher risk of 1Q,
< 85 than other treatment regimes. Under-treatment had no
effect on development scores. Initial L-T, dosages >10 pg/kg
resulted in a 3.7-fold higher risk of over-treatment than lower
dosages.

CONCLUSIONS: Data suggest that asRR, compared to fT,S-
SC’s, signal over-treatment insufficiently. Using fT,SSC's and
avoiding over-treatment may optimize cognitive outcome.
Lowered 1Q, s are usually a late complication of severe early
over-treatment.

ongenital hypothyroidism (CH) is basically a treatable

disorder, with as major goal a normal cognitive develop-
ment. Even after 40 y of experience, several questions regard-
ing optimal treatment remain, such as how T, and TSH values
should be evaluated (1), to what extent over-treatment (OT)
and under-treatment (UT) impede normal cognitive develop-
ment, how these conditions should be defined, and what the
optimal dosages of levothyroxine (L-T,) should be. Recent data
demonstrated that high L-T, treatment may lead to lowered

cognitive outcome at 14 y, both in mild and severe CH (2).
In contrast, several longitudinal studies during the 90’s show
that low L-T, dosages, in spite of late initiation of therapy and
long periods of TSH elevation, may lead to a normal cognitive
outcome (3-5). In a recent study, we found that OT during the
first 24 mo is a greater risk for an adverse cognitive outcome at
age 11 than UT (6). In that and a previous study, we also dem-
onstrated that in CH T, is a better biomarker for euthyroidism
than TSH (6,7). Treatment can be individualized by determin-
ing fT, and TSH steady-state concentrations (SSC) that can
provide individual target values and ranges (6,7). In the pres-
ent study, we investigated whether the individual fT, SSC’s are
more useful than age-specific fT, and TSH reference ranges for
the evaluation of follow-up values. Thereby, we evaluated the
effect of OT during the first 5 mo, the period of the maximal
cortical growth spurt, on eventual cognitive outcome at ages
1.8, 6, and 11 y. In addition we analyzed the impact of high
initial L-T, dosages on initial fT, concentrations.

RESULTS

Sample Classification by Individual fT, SSC Range and
Age-Specific Reference Ranges

The 95% CI of fT, and TSH age-specific reference ranges were
14.4-30.2 pmol/l and 0.42-6.02 mU/], respectively. The pro-
portion of euthyroid, OT, and UT follow-up samples of the
in total 1170 samples from period 0-24 mo considerably dif-
fered for the three methods that were applied. The proportions
for fT, SSC's were 771, 219, and 180, respectively; for the age
specific fT, reference range 957, 110, and 103, respectively;
and for the age specific TSH reference range 481, 130, and
559, respectively (P < 0.001). In Figure 1, OT and UT control
samples, relative to the individual fT, SSC range, are shown
and compared with the fT, and TSH age-specific reference
ranges. The fT, and TSH age-specific reference ranges missed
50 and 41%, respectively, of the OT episodes, found by the fT,
SSC’s. Consequently, the reference ranges recognized fewer
OT patients than did the fT, SSC’s. Group OT/Over (Table 1)
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contained 38 patients, the group OT/No Over contained 11
patients, indicating that the fT, age-specific reference range
method missed 11 of the 49 over-treated patients (22%). In
the repeated measurements ANOVA (Table 1), the interac-
tion term age*fT, SSC was highly significant (P = 0.007), while
the interaction term age*fT, age-specific reference range was
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Figure 1. Visualization of differences in sample classification between
steady-state concentrations (SSC) method and age-specific reference
range method. Symbols represent CH follow-up fT, and TSH determina-
tions of period 0-24 mo after initiation of therapy. 1,170 blood samples
were drawn. Euthyroid determinations are omitted for better visualization:
plotted are only those determinations that were classified relative to the
fT, SSC's as over-treated (OT, indicated with crosses) and under-treated
(UT, indicated with open circles), defined as T, concentrations above/
below the individual +2 SD/-2 SD range, respectively. Horizontal (log TSH)
and vertical (fT,) solid lines represent age-specific reference lines, based
on a cohort of 208 healthy infants aged 9 d-24 mo. The striking feature of
Figure1 is the large number of high TSH values in the OT samples, i.e., the
failure of high fT, levels to suppress TSH, illustrating the dysfunction in CH
newborns of the TSH feedback system by high fT, levels in the first 24 mo.
Only 34% (n = 51) of the total 152 OT samples with a TSH value > -2 SD
originated from the initial period.

insignificant (P = 0.190). The analysis yielded lower intel-
ligence quotients at age 11 (IQ,’s) and significantly larger
decreases in development scores in the period 1.8-11 y for
the groups OT/Over and OT/No Over than for the groups No
OT/Over and No OT/No Over.

Influence of Over and Under-Treatment on Development Scores
The characteristics of the three OT 0-5 mo groups are shown
in Table 2. Mean fT, concentration and total OT duration were
in the severe OT group higher than in the two other groups.
The analysis of the developmental scores with the groups OT/
UT 0-5 mo and OT/UT 6 mo to 6y, as well as their interac-
tion with age as predictors (Table 3), showed lower IQ,, scores
for the five OT groups than for the No OT group. All five OT
groups displayed, in contrast to the No OT group, decreas-
ing cognitive scores in the period 1.8-11 vy; statistically sig-
nificant were the decreasing scores of the two severe OT 0-5
mo groups and that of the mild OT 0-5 mo with OT 6 mo to
6y group. The lowest 1Q, s were found for severe OT 0-5 mo
without OT 6 mo to 6y (73.1 (13.6)), the highest IQ,,’s for no
OT in the period 0-6 y (112.5 (15.4)). Patients with severe
OT 0-5 mo had a 5.5 (95% CI: 1.63; 18.21) fold higher risk
of an IQ,, < 85 than did the other patients (P = 0.006). OT
0-5 mo was strongly associated with the decrease in develop-
ment scores in the period 1.8-11y (r = 0.433, P < 0.001), OT
6 mo to 6 y with the decrease in period 6-11y (r = 0.340, P =
0.007) (Table 3). The same analysis for UT (Table 3) yielded
differences in IQ,, scores and significant changes in develop-
ment scores from 1.8 to 11 y, but they were not related to the
severity of UT 0-5 mo. At the moment of testing at ages 1.8, 6,
and 11y 5, 3, and one in “n” patients, respectively, were hypo-
thyroid, relative to the SSC method, and 1, 5, and 2 patients,
respectively, hyperthyroid. Thyroid status at testing did not
significantly influence overall test results (data not shown).

Effect of Initial High and Low L-T, Dosages on fT, Concentrations
In Figure 2, the consequences of high and low initial L-T, substi-
tution for fT, concentrations in the initial period are illustrated.
With low initial dosages, fT, concentrations in most cases rose
slowly to their individual SSC range; with high initial dosages,
they often exceeded this range. The risk of OT in the first three
follow-up samples (n = 183) was 3.7 (95% CI: 1.4;9.3) (P=0.007)

Table 1. Effect of two different sample classification methods (SSC method and age specific reference range method) on eventual cognitive

outcome (mean (SEM))*2

Classification method

Development scores

Change in development scores

SScb asRR¢ N 1.8y 6y My 1.8-11y P
oT Over 38 104.5(1.8) 102.2(2.9) 88.6(2.5) —-15.8(3.0) (—21.8;-9.9) <0.001
oT No Over 1 102.8(3.2) 100.5 (5.1) 89.8(4.2) —13.0(5.1)(=23.2;,-2.7) 0.014
No OT Over 3 102.2(5.8) 108.1(7.1) 106.6 (6.8) +4.4(54) (-6.4;,+15.2) 0.417
No OT No Over 9 96.3 (3.6) 102.3(5.3) 100.8 (4.8) +4.5(5.4) (-6.4;+15.3) 0414
P 0.257 0.798 0.068 0.007

*Significance for the whole model: P = 0.036; significance for age*SSC: P = 0.007; significance for age*asRR: P = 0.190.
“Development scores are corrected for type of CH (effect size —11.6 (P < 0.001) and early/late start of treatment (effect size —7.4 (P < 0.004). °SSC = fT, SSC method.

casRR = fT, age-specific reference range method. “Bold P values are significant.

CH, congenital hypothyroidism; OT, over-treated; SSC, steady-state concentrations; UT, under-treated.

Copyright © 2016 International Pediatric Research Foundation, Inc.
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Table 2. Characteristics of the OT 0-5 mo groups (mean (SD))

OT 0-5 mo groups pe
Severe OT Mild OT No OT

N 18 25 18
Severe/mild CH 7/11 11/14 8/10 n.s.
Pretreatment fT, (pmol/I) 7.0(5.6) 54(3.7) 5.6(3.6) n.s.
Pretreatment TSH mUI/I 54.4(12.8) 59.8(1.2) 60.0(0.0) n.s.
fT, SSC (pmol/I) 20.1(2.0) 21.8(2.7) 22.8(2.3) n.s.
Initial L-T, dose (ug/kg) 8.6(2.4) 9.1(2.0) 7.8(2.1) n.s.
Maximalinitial L-T, dose (ng/kg) 9.4(1.8) 9.5(2.1) 8.2(2.0) n.s.
Mean fT, 0-5 mo (pmol/I) 26.8(9.4) 23.3(6.5) 18.7 (5.0) <0.001
Mean TSH 0-5 mo (mUI/1) 17.4(22.0) 16.0(20.0) 29.9(22.6) n.s.
Mean L-T, dose 0-5 mo (ug/kg) 6.9(1.3) .8(1.4) 6.9(1.9) n.s.
Total duration OT 0-5 mo (months) 2.4(0.9) .9 (0.5) 0 <0.001
Total duration UT 0-5 mo (months) 0.2(0.4) 4(0.7) 0.8(0.9) ns.
OT Severity factor 0-5 mo (SDS*months) 6.4(3.3) .6 (0.5) 0 <0.001
OT Severity factor 6 mo to 6 y (SDS*months) 6.5(11.3) .6(4.1) 3.6(7.1) n.s.
UT Severity factor 0-5 mo (SDS*months) 0.8(1.6) .6(0.7) 1.0(1.4) n.s.
UT Severity factor 6 mo to 6 y (SDS*months) 1.9(7.4) 9(3.7) 1.3(3.5) n.s.

*Bold Pvalues are significant; n.s., not significant.
CH, congenital hypothyroidism; OT, over-treated; SSC, steady-state concentrations; UT, under-treated.

Table 3. Mean development scores (SEM) at three ages and mean changes in development scores from 1.8 to 11y (SEM) (95% Cl) for the OT and
UT groups 0-5 mo and 6 mo to 6 y*

oT6mo Development scores Change in development scores?

OT 0-5mo toby N 1.8y 6y My 1.8-11y Po
Severe Yes 13 104.1(3.0) 105.1(4.8) 90.3 (4.4) -14.9(4.8) (-25.4;,-4.5) 0.009
Severe No 5 114.3(4.8) 97.0(7.2) 73.1(6.1) —41.2(6.8) (—35.6; —26.8) <0.001
Mild Yes 19 105.0(2.4) 101.5(4.3) 89.8(3.1) —-15.2(3.3)(-21.9; -8.5) <0.001
Mild No 6 97.9(4.4) 94.6 (7.0) 96.1(5.6) -1.8(6.2) (=21.0;+17.3) 0.789
No OT Yes 13 97.8(2.9) 101.3(5.2) 90.6 (3.9) -7.0(4.1) (-=15.0; +1.3) 0.094
No OT No 5 99.4 (4.9) 102.9(7.3) 112.5(6.9) +13.2(6.9) (—0.9; +27.3) 0.066
pxxb 0.061 0.849 0.004 <0.001

UT0-5mo UT6moto6y N 18y 6y My 1.8-11y P°
Severe Yes 5 101.2(4.6) 108.8 (6.5) 90.2(7.5) -11.1(8.7) (-28.5; +6.4) 0.210
Severe No 4 104.1(5.0) 97.5(7.2) 83.9(8.3) -13.4(9.2) (-33.0;+6.1) 0.163
Mild Yes 25 97.2(2.1) 98.8(3.2) 91.0(3.2) —6.3(3.7) (-14.0; +1.4) 0.103
Mild No 7 104.2(3.9) 115.0(6.8) 97.4(5.7) —6.8(7.2) (-21.8;+8.1) 0.355
No UT Yes 11 111.2(3.2) 96.2 (5.0) 91.8(4.1) -19.5(5.8) (-31.4;,-7.5) 0.003
No UT No 9 110.3(6.6) 108.6(5.2) 93.1(5.2) -17.2(6.7) (-31.0; -3.4) 0.017
pxxp 0.072 0.131 0.803 0.165

*P=0.001 for interaction term age*OT 0-5 mo*OT 6 mo to 6 y; P = 0.077 for the interaction term age*UT 0-5 mo*UT 6 mo to 6 y. **P-value for test of equal mean development score or
change in development score in all groups.

“Development scores are corrected for type of congenital hypothyroidism (effect size —=11.6 (P < 0.001) and early/late start of treatment (effect size —=7.4 (P < 0.004). "Bold P values are
significant.

fold higher for initial L-T, dosages > 10 pg/kg than for dosages ~ and a negative relation with minimal initial {T, deficit (P <
<10 ug/kg. Free T, concentrations in these samples, collectedat  0.001). Table 4 shows the mean fT, concentrations (in SDS)
ages 4.4 (2.1),9.2 (3.9), and 17.0 (10.3) days after therapy initia- ~ (95% CI) relative to the individual SSC’s, obtained by substi-
tion, showed a positive relation with initial L-T, dose (P<0.001)  tuting ascending initial L-T, dose values (ug/kg) and minimal
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Table 4. FreeT, concentrations (in SDS) of the first three follow-up samples, at 4.4,9.2, and 17.0 days, by initial L-T, dose and minimal initial T,

deficit®

Minimal initial fT, deficit (omol/l)
Initial L-T, dose (ug/kg) 5 10 15
5 -0.7(-2.4;1.1) -2.3(-3.9;-0.7) —4.0(-5.4;-2.5)
7.5 1.0(-0.7;2.7) 0.7 (-2.1;0.8) -2.3(-3.7,-0.9)
10 2.7(1.2;4.1) 1.0(-0.1;2.0) 0.7 (-1.7;0.5)
12.5 4.3(1.9;6.7) 2.7(0.3;5.1) 1.0(-1.0; 3.0)
15 5.9(3.6;8.4) 4.3(1.9;6.7) 2.7(0.7;4.7)

°Fields with bold figures: increased risk of over-treatment, i.e, fT, concentration > +2 SDS, relative to the individual SSC's of the patients.

SSC, steady-state concentrations.
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Figure 2. Examples of fT, concentrations after low and high initial L-T, dosages. Four examples of individual initial fT, curves, two examples of cases

with low initial L-T, dosages and without initial OT (panel a: mild CH, initial L-T, dose 7.2 ug/kg, panel b: severe CH, initial L-T, dose 6.0 pg/kg) and two
examples of cases with high initial L-T, dosages and with initial OT (panel c: mild CH, initial L-T, dose 10.3 pg/kg, panel d: severe CH, initial L-T, dose 11.2
ug/kg). Black lines: individual fT, concentration, gray lines: mean individual fT, SSC + 2 SD, determined with fT, control values after the initial period (i.e., >

1.5 mo until 11 y). SSC, steady-state concentrations.

initial fT, deficit values (pmol/l) in the regression equation: T,
(in SDS) = -2.30+ 0.66*initial L-T, dose — 0.33*minimal initial
fT, deficit. Table 4 shows which combinations of initial L-T,
dosage and minimal initial fT, deficit (bold figures) may lead
to initial over-treatment, i.e., to fT, values > +2 SDS, relative to
the individual SSC'’s.

Copyright © 2016 International Pediatric Research Foundation, Inc.

DISCUSSION

The results of our study on CH treatment suggest that ade-
quate signaling and avoidance of over-treatment are of great
importance and that this can best be done with T, SSC’s. In
our study, TSH and fT, age-specific reference ranges, recom-
mended in the recent ESPE guidelines (1), missed, relative to

Volume 80 | Number 6 | December 2016 Pediatric RESEARCH 819
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the T . SSC’s, 41 and 50%, respectively, of the over-treatment
episodes and 22% of the over-treated patients, because refer-
ence ranges are too wide to signal all over-treatment episodes
(Figure 1). This had consequences for eventual cognitive
outcome. The 11 over-treated patients, missed by the fT, age-
specific reference range, had significantly decreasing develop-
ment scores from 1.8 to 11 y, suggesting real over-treatment,
while the three patients recognized by the fT, age-specific ref-
erence range as over-treated, but not so by the SSC’s, as well
as the nine patients classified by both methods as not-over-
treated, did not show decreasing development scores in this
period. Our conclusion is that reference ranges in CH, with
only two fixed values for upper and lower limit, will never be
able to properly distinguish between normal or abnormal for
the individual patient, whatever values are taken. Our data
indicate that severe over-treatment during the first 5 mo leads
to normal development scores at 1.8 and 6 y, but to consider-
ably lowered IQ’s at 11 y. Patients with severe over-treatment
0-5 mo had a 5.5-fold higher risk of an IQ,, < 85 than those
with mild over-treatment 0-5 mo or without over-treatment.
Over-treatment in period 6 mo to 6 y seemed to contribute
to the IQ decrease from 6 to 11 y. For under-treatment, no
negative effect on cognitive development scores could be
established. Patients treated with initial L-T, dosages > 10
ug/kg had a 3.7-fold higher risk of over-treatment within the
first 17 d than those with lower initial dosages had. These
data suggest that during the first neonatal months, CNS
development is very sensitive to over-treatment with thyroid
hormone, more sensitive than to later over-treatment. From
animal models (8-12), we know that early over-treatment
may enhance neural growth and development and, when
over-treatment continues, it even may lead to an irrevers-
ible arrest in neural development. A similar development was
seen in our severely over-treated patients: at age 1.8 y they had
normal to above normal development scores, but thereafter
decreasing scores. In contrast, under-treatment in this period
may lead to a delayed, but reversible neural development with
later catch up (13). In CH, initial low-dose treatment seems
preferable to initial high-dose treatment, in contrast to the
advice in most recent studies (14-18) and ESPE guidelines
(1). A slow fT, rise with under-treatment seems more prefer-
able than a fast rise with over-treatment (Table 4), because
we earlier demonstrated that a fast TSH normalization does
not lead to higher IQ, s (6). Low-dose treatment allows {T, to
gradually rise to its SSC value and to remain on that level, if
medication is not importantly changed. A further advantage
of initial low-dose treatment is that individual fT, SSC can
be estimated during the initial period (7). This is not possible
with initial high-dose treatment, because fT, values are often
not yet stable then. Initial high-dose treatment was intro-
duced in the 80, in order to shorten the period of neonatal
hypothyroidism (16) and L-T, doses between 10 and 14 pg/kg
were considered safe and effective to do so (17). The normal
to above-normal cognitive development scores in CH infants
treated with a higher L-T, dose at young age, found by us as
well as by others (14,15,18,19), strengthened the conviction,

820 Pediatric RESEARCH Volume 80 | Number 6 | December 2016

also emphasized in the ESPE guidelines (1) that high L-T,
dosages and maintenance of TSH in the normal range are nec-
essary for a normal eventual outcome. The sharp decline in
IQ values from 6 to 11 y in our study is unusual and therefore
unexpected, because in healthy subjects IQ at age 6 is a good
predictor for IQ at ages 11 and 13 (20,21). The longitudinal
study of Rovet, showing decreasing development scores in CH
children from infancy to adolescence (22), supports our data.
A consequence of the changing cognitive scores over time is
that no meaningful conclusions on eventual cognitive out-
come can be drawn from data that do not include adolescent
patients (14,15,18,19). The results of the only so far published
transversal study on adolescent CH patients, treated accord-
ing to the recent guidelines with low TSH values during the
first year (mean 1.0 mU/l) and demonstrating lowered cogni-
tive outcomes at age 14, irrespective the type of CH (2), are in
concert with our results. Moreover, the longitudinal studies
during the 90’s (3-5) showing normal cognitive outcomes in
initially low treated patients, in spite of long periods of under-
treatment and late initiation of therapy, support our normal
cognitive outcomes in the not-over-treated patients. These
last studies also demonstrate that low initial L-T, dosages may
result in normal adolescent IQ’s.

The most important issues in CH treatment are early ini-
tiation of therapy and avoidance of over-treatment. For that
purpose, frequent monitoring and L-T, dose adaptation and
correct interpretation of the fT, and TSH concentrations are
needed. It is recommended to start with a low L-T4 dose,
taking the estimated minimal initial fT, deficit into account
(Table 4), thus minimizing the risk of over-treatment, i.e., an
fT, concentration > 2 SDS, and to take a first follow-up sample
atday 3 or 4. L-T, dosage can then be decreased, when increase
of the initial fT, concentration is such that for the next days a
rise to above 30 pmol/l can be foreseen. We advise to collect
follow-up samples in the period 10-60 d at 10-14 d intervals.
Once T, has stabilized, fT, SSC can be estimated, also when
TSH is still elevated, providing a target value to aim at (7).
With five samples, mean T, SSC can be estimated with 95%
CI at a precision level of 90% (7). In further follow-up, when
more fT, determinations, valid for the assessment of the fT,
SSC, i.e., within TSH interval 0.5-10 mUI/l, become available,
the individual fT, SSC range can be established. Such range is
crucial for the signaling of over and under-treatment. A cor-
rect assessment of the thyroid status by fT, is in CH even more
important than in healthy subjects, because TSH in CH is less
predictable (6,7) (Figure 1) and thus less informative about
the thyroid status than in the normal situation. TSH SSC’s are
less well defined, with a larger variation around the individual
mean SSC (Table 5), and signal overtreatment less well than
fT, SSC’s. Therefore, T, should be the most important factor
in guiding decisions on sample evaluation and therapy, more
important than TSH. Two-thirds of our CH patients had a
TSH SSC above the normal range, i.e., > 2.5 mUI/1 (7). This
means that for the majority of them the lower limit of TSH
will be above 0.05 mUI/], the lower limit indicated in the ESPE
guidelines (1). We therefore recommend keeping TSH in the

Copyright © 2016 International Pediatric Research Foundation, Inc.
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Table 5. Mean values (SD) (95% Cl) of fT, and TSH SSC'’s of the 61 congenital hypothyroidism patients of the study group

Age interval® (month) N samples per patient Mean SSC (SD) (95% Cl) CVP (%)
Postinitial fT, SSC (pmol/I) 1.5-132 21.0 21.7(2.6) (16.6;28.7) 12.0(3.9)
Initial fT, SSC (pmol/1) 0.2-1.5 4.6 22.5(3.0) (16.2;27.3); P=0.07¢ 13.2(6.3)
Postinitial TSH SSC (mUI/1) 1.5-132 21.0 3.3(1.9)(0.9;5.7) 59.9(13.6)

?Age after initiation of therapy. "Mean of the coefficients of variation (CV) within the individual SSC's. “Difference between initial SSC's and SSC's for interval 1.5-132 mo.

SSC, steady-state concentrations.

upper half of the TSH SSC range (3.3-5.9 mUI/l), in order to
avoid over-treatment.

A drawback of our study is that fT, measurements were per-
formed in 27 different laboratories. The adult reference ranges
of the laboratories varied, but the differences were so small that
we accepted these differences. Furthermore, the T, values of the
patients, with a few exceptions determined in their own local
laboratory throughout the study, were expressed as SDS value of
the individual SSC’s, making them independent of the used fT,
determination method. Therefore, the various T, determination
methods did not change the eventual conclusions. Another draw-
back of our study is its limited sample size in a cohort with vari-
ous different treatment schedules, resulting in small treatment
groups. The diversity of treatment methods, however, allowed
a comparison between the effect of low and high treatment on
eventual cognitive outcome at age 11, which would not have been
possible in a cohort with a single treatment protocol. A future
cohort study with more CH patients, treated with different proto-
cols and repeatedly psychologically tested until adulthood, might
reveal the most optimal treatment protocol. The feasibility of
such study, however, is uncertain in view of ethical issues.

METHODS

Subjects

The study group consisted of 61 children (19 boys) with CH, born
between February 1993 and July 1996, and followed from birth until
11y, the same cohort described previously (6,7,23,24). The study was
approved by the privacy committee of the CH Screening Board and
by the Erasmus MC review board. The original cohort, recruited by
questionnaires sent out by the national CH coordination office to all
local pediatricians, consisted of 98 patients, of which 71 patients were
selected and 27 were excluded: four infants of mothers with known
thyroid abnormalities, five infants at risks for abnormal psychomo-
tor development (asphyxia, meningitis, chromosomal abnormality,
severe hypotonia syndrome, prematurity), one infant that died, and
17 patients with mild CH, because testing capacity was limited and
we expected more developmental abnormalities in severe CH than in
mild CH (6,23,24). After written informed parental consent, the study
group consisted of 27 children with severe CH and 34 with mild CH.
Severe CH was defined as total incapability to produce T, mild CH
as partial incapability (6,8). All patients were psychologically tested at
1.8 (0.4) years (mean (SD)), 46 at 6.0 (0.6) years, and 55 at 11.0 (0.7)
years. Reasons for not re-examining all patients at ages 6 and 11 y
have been described previously (6,9).

Treatment and Monitoring

The local pediatrician made all decisions on treatment regimen. Until
1991, an initial daily L-T, dose of 5-6 pg/kg with an upper limit for
T4 of 180 nmol/l was recommended; in 1992, the recommendation
changed to 9-12.5 pg/kg for the initial L-T, dose and 35 pmol/l for
the upper limit of fT,. Follow-up data on T, TSH, and L-T, dos-
ages (n = 2,524) were collected. Only 1.1% of the samples were suspi-
cious for bad adherence to medication. On average 31 (range 18-78)
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control measurements per patient were performed in the period 0-6
y, of which 10 (range 5-17) were performed in the period 0-5 mo.
Two groups were formed based on the timing of treatment start: early
<12 d (n = 28), and late > 12 d (n = 33), and two groups based on
initial daily L-T, dosage: low (< 10 pg/kg, n = 40) and high (>10 pg/kg,
n = 21). Mean initial L-T, dosage was 8.6 (2.2) pg/kg. In 17 patients,
initial L-T, was increased from 7.5 (2.5) to 9.4 (2.3) ug/kg during the
initial period, < 1.5 mo after therapy start. Maximal initial L-T, dose
was defined as either the increased dose, or the initial dose, when L-T .\
dosage was not increased.

Laboratory Tests

Free T, and TSH were measured in 27 different laboratories, whose
quality of measurement is surveyed by the National External Quality
Assurance Program (the Netherlands, SMLK) (25). Adult reference
values were 11-25 pmol/l for fT, and for TSH, at the time of this
study, 0.4-4.3 mU/L

Individual Steady-State Concentrations (SSC's)

Individual fT, and TSH steady-state concentrations (SSC’s) were
defined as those concentrations at which both fT, and TSH are con-
stant, despite ongoing processes that might change them, such as
medication, thyroxine clearance, and alterations in the equilibrium
between the different deiodinase pathways (26). In the euthyroid situa-
tion, individual fT . and TSH SSCs are in equilibrium with each other.
In healthy, euthyroid subjects and subjects with stable thyroid disease,
individual SSC’s represent the mean value of a series of determinations
under standard conditions, with an individual SSC range that is about
half that of the total population (27-29). For the assessment of SSC’s in
CH, those samples were included that we assumed to represent a stable
and euthyroid state, obtained in the postinitial period (i.e., > 1.5 mo
after therapy start until 11 y) that were within the TSH interval 0.5-10
mUI/L. From the thus obtained series of determinations, those samples
were excluded, which were outside the 95% of this series. Included were
only samples that were inside both the individual fT as well as the indi-
vidual TSH SSC range (Table 5). As described previously, individual fT,
and TSH SSC’s decreased slightly in the period 0-11 y, and were largely
independent of the L-T, dosage (7). In the initial period, fT, SSC’s were
somewhat higher than in the postinitial period, without reaching sig-
nificance: 22.5 (3.0) vs. 21.7 (2.6) pmol/l, respectively (P = 0.07) (7).
Minimal initial fT, deficit (pmol/l), determined for each patient, was
the difference between —2 SD value of the 95% CI of the fT, SSC range
of the whole cohort, i.e., 16.6 pmol/l (Table 5), and individual pretreat-
ment T,

Comparison of fT, SSC’s With Age-Specific fT, Reference Ranges
1,170 follow-up samples were collected from 61 patients over the first
24 mo after therapy start and the measured fT, values were classi-
fied as euthyroid, when T, concentration was within the individual
fT4 SSC + 2 SD range, and as OT or UT, when it was above or below
this range. This classification was compared with the classification
based on the 95% CI of age-specific fT, and TSH reference ranges,
constructed from 208 samples of healthy infants, aged 9 d to 24 mo,
admitted to our hospital for small chirurgical procedures (30). Over-
treatment relative to the age-specific fT, reference range was defined
as an fT, concentration > 95% CI. For each classification, two groups
were formed, based on whether or not over-treatment had occurred
in period 0-24 mo: the groups OT and No OT for the fT, SSC’s, and
the groups Over and No Over for the fT, age-specific reference range.
The groups were combined in a contingency table: OT/Over, OT/No
Over, No OT/Over, and No OT/No Over.
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Severity of Over and Undertreatment

The severity of the OT/UT episodes, defined as the product of the dis-
tance between the fT, value and the individual fT, SSC +2 SD line/-2SD
line (in SDS) and the duration of the OT/UT episode (in months),
resulting in the unity SDS.mo, was calculated for each episode, for the
period 0-6 y. The severity factor (SF) per patient, being the sum of the
severity determinations, was calculated for age periods 0-5 mo and 6
mo to 6 y. Three of the following groups were formed based on SF OT/
UT 0-5 mo: (i) Severe, when >2 SDS.month; (ii) Mild, when between 0
and 2 SDS.months; and (iii) No OT/UT, when SF was 0. For the period
6 mo to 6y, two groups were formed: Yes or No OT/UT.

Development Tests

At age 1.8 vy, the infants were tested with the Bayley Development
Scale (31); only the mental development index (MDI) scores was
used in the analysis. At ages 6 and 11 vy, the short version of the
Revised Amsterdam Child Intelligence Test (RAKIT) (32,33) was
applied, a reliable (r > 0.95), normed, Dutch child intelligent test
for children aged 4-11.6 y. IQ scores across the ages are stable. The
RAKIT-short consists of the following six subtests: Exclusion (visual
reasoning); Word Knowledge (passive knowledge of word mean-
ing); Disc Placement (visual-spatial-motor task); Learning Names
(verbal-memory-association task); Hidden Figures (visual analysis);
and Word Fluency (fast word production). Around all test moments,
thyroid function was checked. At all ages, control groups of healthy
children were included: 207 at age 1.8 (8), 37 at age 6 (9), and 25 at
age 11 (6). Cognitive development scores for study group and control
groups were corrected for socio-economic status (SES) and ethnic-
ity, as these characteristics might influence scores (32,34,35). After
correction, study group scores were standardized by the scores of the
control groups that were set at a mean of 100 and SD of 15.

Statistical Analysis

Statistical analysis was done with SPSS version 23.0 (SPSS, Chicago, IL).
Chi-square tests were used to analyze differences in sample classification
between the fT, SSC’s and the reference ranges. A repeated measure-
ments ANOVA was used to compare the cognitive development scores
of the four contingency table groups over time. In this analysis, the four
groups and age were the independent variables, cognitive development
scores at ages 1.8, 6, and 11 y the dependent variable. This analysis gives
unbiased results even in case of (randomly) missing values. In all analy-
ses, development scores were adjusted for type of CH (mild/severe)
and start of treatment (early/late). An ANOVA procedure was applied
comparing the clinical characteristics of the 0-5 mo treatment groups.
A repeated measurements ANOVA was used to estimate the effect of
the factors OT/UT 0-5 mo and OT/UT 6 mo to 6 y on the cognitive
development scores at three ages. Logistic regressions were applied to
determine the risk of an IQ,,<85 for the OT 0-5 mo groups and the risk
of OT by high initial dosages of L-T,. Selected for this last analysis were
the first three control samples per patient after initiation of therapy (n =
183). Lastly, a linear regression was used to analyze the dependency of
fT, concentrations on initial L-T, dosage and minimal initial fT, deficit.
A two-tailed significance of P < 0.05 was set for all tests.
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