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Context: In Turner syndrome (TS), GH treatment is well established. Data on cardiac status after
discontinuation of treatment are scarce. This study aimed to assess biventricular size and function
in TS at least 6 months after discontinuation of GH treatment.

Methods: TS patients and healthy women prospectively underwent cardiac magnetic resonance
imaging. Ventricular two-dimensional tomographic cine data were acquired to obtain biventricu-
lar volume, mass, and ejection fraction. Atrioventricular valve flow measurements were performed
using a two-dimensional flow-sensitized sequence. Flow velocity curves were calculated and in-
dices of biventricular diastolic filling were derived.

Results: Thirty-one patients [mean (SD) age 20 (2) yr, body surface area 1.75 (0.15) m2, 5 (2) yr after
GH discontinuation] and 23 normal control women [age 21 (2) yr, body surface area 1.80 (0.13) m2]
were included. Compared with controls, patients had smaller mean end-diastolic volumes [right
ventricle (RV), 84 (11) ml/m2 vs. 79 (10), P � 0.02; left ventricle (LV), 81 (10) vs. 72 (9), P � 0.001],
end-systolic volumes [RV 38 (7) ml/m2 vs. 36 (6), P � 0.04; LV 34 (5) vs. 29 (4), P � 0.001], and stroke
volumes [RV 46 (6) ml/m2 vs. 43 (6), P � 0.03; LV, 47 (7) vs. 44 (4), P � 0.02]. Patients had a higher
mean heart rate [79 (13) beats/min vs. 71 (10), P � 0.05]. Biventricular ejection fraction, mass, cardiac
output, and diastolic filling pattern were comparable.

Conclusion: After discontinuation of GH treatment TS patients showed no myocardial hypertrophy
and well-preserved biventricular function. Ventricular volumes were smaller in Turner patients,
compared with controls, whereas mean heart rate was higher. These last observations may be part
of the natural development in TS and not linked to GH treatment, which at this point we consider
safe. (J Clin Endocrinol Metab 93: 2553–2558, 2008)

Turner syndrome (TS) is characterized by a constellation of
visible (dysmorphic) and nonvisible physical findings

caused by total or partial X-monosomy (1). Short stature is a
common clinical finding. In northwestern Europe, mean adult
height in untreated TS is approximately 145 cm, or 20 cm below
normal average height in women (2). GH treatment has been
shown to increase adult height in most patients with TS and
currently it is a well-established therapy (2, 3). In healthy con-
trols supraphysiological doses of GH rapidly induce changes in

left ventricular (LV) function (increased cardiac index) and size
(hypertrophy and concentric remodeling) (4). Untreated acro-
megaly is associated with increased cardiovascular morbidity
and mortality due to GH-induced acromegalic cardiomyopathy
and heart failure (5, 6).

The GH dose normally used for treatment of short stature in
TS is relatively high [1.4 mg/m2 body surface area (BSA) per day
in TS, compared with 0.7 mg/m2 BSA per day in GH deficiency].
This raises concerns on possible cardiovascular side effects. Sev-
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eral papers addressed these concerns during GH treatment and
reported normal LV volumes without hypertrophy in TS, com-
pared with controls (7, 8). However, cardiac data collected after
discontinuation of GH treatment are scarce. Furthermore, pre-
vious studies focused on LV size and function only. We hypoth-
esize that myocardial effects of systemic GH treatment if present
are biventricular. As such the aim of this study was to prospec-
tively assess biventricular size and function in TS at least 6
months after discontinuation of GH treatment and compare re-
sults with healthy controls. For this purpose cardiac magnetic
resonance imaging (CMR), the gold standard for determination
of biventricular volumes, function, and wall mass, was used.

Subjects and Methods

Thirty-four young women with TS, all former participants of a GH
dose-response study, prospectively underwent CMR evaluation. The
Medical Ethics Committee approved the study. Written informed con-
sent was obtained from all participants. During the previous GH trial,
biosynthetic human GH (Norditropin; Novo Nordisk A/S, Bagsvaerd,
Denmark) was given. Patients were randomly assigned to one of three
groups, treated with different GH dosages: group A received 1.3, group
B 2.0 and group C 2.7 mg/m2 BSA per day as previously described (3, 7).
To induce puberty, micronized 17�-estradiol was given orally from the
age of 12 yr, after at least 4 yr of GH treatment. At start of GH treatment,
there were no differences between groups in age, height, or BSA. Diastolic
blood pressure was significantly lower in group C, compared with both
other subgroups, resulting in a lower mean blood pressure in group C,
compared with group A. GH treatment was continued until final height.
At inclusion for CMR evaluation, GH treatment had been discontinued
for at least 6 months in all patients.

Because GH treatment has been an accepted treatment in TS for years,
age-matched untreated TS patients are not available at our institution.
Therefore, 23 healthy age-, gender-, and BSA-matched controls were
included. Height, weight, diastolic blood pressure, and systolic blood
pressure were measured. BSA, body mass index (BMI), and mean blood
pressure were calculated. Besides the generally accepted contraindica-
tions for magnetic resonance imaging (MRI), clinically important left-
sided pressure overload (aortic valve stenosis gradient � 35 mm Hg and
a gradient � 25 mm Hg due to aortic coarctation) was used as an ex-
clusion criterion. We previously published data from this population on
aortic distensibility and aortic size (9).

CMR protocol
Imaging was performed on a 1.5-T Signa CV/i scanner using software

releases (versions 8.4 and 9.1; GE Healthcare, Milwaukee, WI) with a
four-channel phased-array coil. All images were acquired during breath
holds at end expiration. A standardized multiphase, multislice volumet-
ric ventricular data set in short axis direction was acquired. Imaging was
performed using two-dimensional (2D) fast imaging using steady-state
free precession (FIESTA) with the following imaging parameters: flip
angle 45°; echo time set at minutes full; repetition time 3.4–3.6 msec; 8–9
mm slice thickness; 0–1 mm interslice gap; 12 views/segment; readout
bandwidth 111Khz; a square field of view 30–34 cm); and a scanning
matrix of 160 � 128. Twenty-four phases per cardiac cycle were recon-
structed retrospectively.

Mitral valve and tricuspid valve flow measurements were performed
perpendicular to flow using a standard 2D flow-sensitized (phase veloc-
ity encoded) scan. Flow sensitivity of the sequence was set at 120 cm/sec.
The flow sensitivity of the sequence was increased with phase aliasing.
Scans were retrospectively gated. Temporal resolution was approxi-
mately 35–50 msec per cardiac phase. Thirty phases were reconstructed
retrospectively. Imaging parameters were: 2D fast spoiled gradient-echo,

repetition time 6–7 msec, echo time 3 msec, flip angle 20 degree, readout
bandwidth 90 KHz, slice thickness 6 mm, six views/segment, a rectan-
gular field of view (75% in phase encoding direction), scanning matrix
of 256 � 128. Heart rate (beats per minute) was assessed during each
flow measurement.

CMR image analysis
CMR studies were analyzed on a commercially available Advanced

Windows workstation (GE Healthcare). Volumetric data were quanti-
tatively analyzed using the Mass analysis software package (version 3.1;
Medis Medical Imaging Systems, Leiden, The Netherlands). End-dia-
stolic and end-systolic time frames from every slice were used for the
assessment of biventricular end-diastolic and end-systolic volumes.
Stroke volumes, ejection fractions, and cardiac mass were assessed ac-
cording to common analysis techniques (10).

Flow images were quantitatively analyzed using the Flow analysis
software package (version 2.0; Medis Medical Imaging Systems). This
package allows calculation of flow velocity curves by multiplying valve
area (drawn on each of the 30 time frames) and spatial average flow
velocities per time frame. From the resulting flow-velocity curves the
following indices of biventricular diastolic filling were derived (Fig. 1):
1) peak early filling rate (PeFR) (milliliters per second); 2) time to PeFR
(milliseconds) measured from end systole; 3) early filling fraction (FF)
defined as volume increase (milliliters) during the first one third of di-
astole normalized for ventricular stroke volume; 4) deceleration time
(milliseconds), measuring the time from PeFR to the extrapolation point
of deceleration of flow to the baseline; 5) peak atrial filling rate (PaFR)
(milliliters per second); 6) atrial filling fraction (AFF) defined as the
increase in ventricular volume after atrial contraction normalized for
ventricular stroke volume; and 7) the ratio of peak early filling rate over
peak atrial filling rate (PeFR to PaFR ratio).

Statistical analysis
SPSS-PC statistical software package was used for analysis (version

11.5; SPSS, Inc., Chicago, IL). P � 0.05 was considered to indicate sta-
tistical significance. Results are expressed as mean (SD). Characteristics
were compared between patients and controls using the two-sample t test
or Mann-Whitney U test. Bivariate correlation coefficients were calcu-
lated using Spearman’s method (rs).

Analysis of covariance with correction for BSA (calculated using
weight and height) or BMI was used to compare biventricular short axis
data between patients and controls. Analysis of covariance with correc-
tion for heart rate was used to compare biventricular indices of diastolic
filling between patients and controls. Ventricular volumes were log10

transformed before analysis of (co)variance was applied.

FIG. 1. Phase velocity encoded AV valve filling pattern: a typical example of the
mitral valve. Dt, Deceleration time.
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Results

Three patients were excluded because of clinically important
left-sided pressure overload: one patient had severe aortic valve
stenosis (Doppler peak velocity � 5 m/sec), and two patients had
an aortic coarctation with a pressure gradient of 27 mm Hg.
Characteristics of the remaining 31 patients, the patient sub-
groups, and controls are shown in Table 1.

Compared with controls, patients were shorter (mean adult
height, P � 0.001, and height SD score, P � 0.001), had a higher
mean heart rate (P � 0.04), and showed the tendency to have a
higher diastolic blood pressure (P � 0.05).

Significant positive correlations (Spearman’s method) were
found for GH dose with adult height (rs� 0.47, P � 0.01) and
height SD score (rs � 0.47, P � 0.01). Negative associations of
GH dose were found with systolic blood pressure (rs � �0.36,
P � 0.04), diastolic blood pressure (rs � �0.38, P � 0.04), and
mean blood pressure (rs � �0.40, P � 0.03).

Biventricular size and ejection fractions
The biventricular CMR measures normalized for BSA of pa-

tients and controls are shown in Table 2. Compared with controls,
LV and right ventricular (RV) end-diastolic volume (RVEDV, P �

0.02, and LVEDV, P � 0.001), end-systolic volume (RVESV, P �

0.04,andLVESV,P�0.001),andstrokevolume(RVSV,P�0.03,
and LVSV, P � 0.02) were significantly smaller in patients. Biven-
tricular ejection fraction (EF), wall mass, and cardiac index were
comparablewith controls, althoughLVEFshoweda tendency tobe
higher in patients (P � 0.05).

Heart rate (beats/min) negatively correlated with LVEDV
(milliliters per square meter) (rs� �0.46, P � 0.01) and RVEDV
(milliliters per square meter) (rs� �0.43, P � 0.02). Neverthe-
less, after statistical correction for heart rate, end-diastolic vol-
umes in our patients were still statistically smaller, whereas
stroke volumes appeared comparable (fits the finding of com-
parable cardiac output).

At analysis of covariance with correction for BMI, compara-
ble differences were found between patients and controls (data
not shown). There were no differences between GH dose sub-
groups, both with adjustment for BSA or BMI.

Atrioventricular valve inflow
Results of the quantitative analysis of atrioventricular inflow

are shown in Table 3. For logistic reasons, valve measurements
could not be performed in all patients. Mitral valve inflow in
patients showed a smaller early peak filling rate (P � 0.03), a
smaller early FF (P � 0.04), a smaller ratio of peak early filling
rate over peak atrial filling rate (P � 0.04), and a larger atrial
filling fraction (P � 0.06). After correction for heart rate, sig-
nificant differences were no longer present.

No differences in indices of the tricuspid valve inflow pattern
were present between TS patients and controls. After adjustment
for heart rate, tricuspid FF was larger in patients (adjusted dif-
ference 10%, SE 2%).

No significant differences in tricuspid or mitral valve inflow
indices were present between GH dose subgroups.

Discussion

Despite concerns about possible cardiovascular side effects of
GH treatment during childhood, data on cardiac status during
and especially after discontinuation of such treatment in TS are
limited. We therefore assessed cardiac status in young adult
women with TS, who previously received high dosed (1–2 times
the regular dose) GH over a relatively long period of time [9 (SD

2) yr] (3, 7). The main findings of this study are the absence of
myocardial hypertrophy and biventricular dysfunction in Turner
patients, compared with healthy references. As such this study
supports and expands conclusions from previous studies, all ac-
quired during (relatively short-term) GH treatment, on the car-
diac safety of GH treatment in TS (7, 8, 11). In all our patients,

TABLE 1. Patient characteristics

Parameter
Controls
(n � 23)

Patients
(n � 31)

Group A
(n � 10)

Group B
(n � 11)

Group C
(n � 10)

Age (yr) 21 (2) 20 (2) 21 (2) 20 (2) 19 (2)
Height (cm) 172 (8) 163 (7)a 158 (7) 164 (6) 166 (6)b

Height SDSc 0.2 (1.2) �1.1 (1.1)a �1.9 (1.1) �1.0 (0.9) �0.6 (0.9)b

Weight (kg) 68 (9) 70 (13) 68 (10) 77 (16) 65 (11)
BSA (m²) 1.80 (0.13) 1.75 (0.15) 1.70 (0.14) 1.82 (0.16) 1.72 (0.15)
BMI 22.9 (2.7) 26.7 (5.1)a 27.4 (3.4) 28.7 (6.6) 23.7 (3.6)b

Duration GH-Rx (yr) 8.5 (1.9) 8.5 (1.2) 7.7 (2.1) 9.4 (1.9)
Stop since GH-Rx (yr) 4.9 (1.9) 5.0 (1.4) 5.3 (2.2) 4.0 (2.0)
Duration E-Rx (yr) 7.3 (2.1) 7.7 (2.2) 7.5 (1.8) 6.6 (2.3)
Systolic blood pressure (mm Hg) 115 (10) 118 (13) 125 (15) 117 (8) 112 (12)b

Diastolic blood pressure (mm Hg) 64 (9) 70 (12) 77 (14) 69 (8) 63 (10)b

Mean blood pressure (mm Hg) 81 (9) 86 (12) 93 (14) 85 (7) 80 (10)b

Heart rate (beats/min) 71 (10) 79 (13)a 83 (15) 80 (14) 75 (11)

Data are mean (SD). Group A received 1.3, group B 2.0, and group C 2.7 mg/m² BSA per day. SDS, SD score; E-Rx, estrogen substitution therapy; GH-Rx, GH-therapy.
a Significant difference (P � 0.05) between patients and controls (student t test).
b Significant correlation according to rs (P � 0.05) with GH dose.
c Height for age: references healthy Dutch girls (35).
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GH treatment had been discontinued for at least 6 months.
Therefore, the future risk for development of heart failure due to
GH side effects may be expected to be minimal. However, the
finding of smaller ventricular size and increase heart rate is
remarkable.

Cardiac morphology
Our finding of absence of myocardial hypertrophy is in line

with previous findings from studies conducted during GH treat-
ment in children with TS (7, 8), Noonan syndrome (12, 13), GH
deficiency (14), and idiopathic short stature (15, 16). However,
in contrast with previous papers that reported comparable LV
volumes with healthy controls in TS (7, 8), our patients had
smaller biventricular volumes and stroke volumes. A detailed
look at the results presented by Sas et al. (7) shows they found
normal SD scores for LV dimensions at the start of GH treatment
that significantly decreased to values less than 0 after 7 yr of
treatment. In line with these data, Noordam et al. (12) also found
negative SD score changes for LV dimensions during GH treat-
ment in patients with Noonan syndrome.

This may suggest cardiac growth in TS (and other) patients
treated with GH during childhood, is disproportionate to so-
matic growth. However, we do not know of clinical studies in
TS that specifically focused on the effects of GH on growth of

different organ systems to (dis)prove this hypothesis. Experi-
mental models of GH and IGF-I deficiency reported differential
growth effects on different organs, which, however, do not ex-
plain our observations (17, 18). A recent echocardiographic
study in TS showed no evidence for disproportionate cardiac
growth between patients treated with GH and those not treated
with GH (11).

Previously described reversibility of GH-induced ventricular
remodeling (4, 19) may be an alternative explanation for the
apparent differences between our and previous results. After ini-
tial myocardial growth in response to short-term GH treatment,
Amato et al. (20) found cardiac dimensions and LV mass de-
creased after discontinuation of GH treatment in GH-deficient
adults. Accordingly, ventricular volumes in TS measured during
GH treatment may have appeared relatively normal, compared
with controls (7, 8). However, after discontinuation of GH treat-
ment, differences may have become more apparent (our pa-
tients), assuming discontinuation of treatment led to involution
of ventricular size. Unfortunately, we do not have repetitive MRI
measurements to support this theory.

Finally, fetal studies suggested that cardiac hypoplasia is
present in Turner patients (21). Matura et al. (11) found no
difference in cardiac dimensions corrected for BSA between TS
patients treated with GH and patients not treated. Their results

TABLE 3. Biventricular diastolic filling characteristics: patients vs. controls

Tricuspid valve Mitral valve

Controls (n � 15) Patients (n � 18) Controls (n � 18) Patients (n � 25)

ttPeFR(msec) 112 (16) 106 (8) 90 (22) 97 (37)
PeFR(ml/sec) 317 (66) 341 (56) 453 (83) 397 (79)a

FF(%) 52 (9) 53 (31) 64 (6) 57 (13)a

Dt(msec) 185 (48) 172 (43) 134 (26) 132 (30)
PaFR(ml/sec) 166 (48) 172 (67) 176 (36) 179 (37)
AFF(%) 23 (7) 22 (9) 22 (3) 24 (5)
E/A ratio 2.1 (0.8) 2.3 (1.1) 2.6 (0.4) 2.3 (0.6)a

Heart rate(beats/min) 71 (10) 82 (13)a 71 (10) 80 (12)a

Data are mean (SD) values. Dt, Deceleration time; E/A ratio, PeFR to PaFR; ttPeFR, time to PeFR.
a Significant difference (P � 0.05) between patients and controls (student t test).

TABLE 2. CMR short-axis measurements: patients vs. controls

Controls Patients Group A Group B Group C

Right ventricle
EDV (ml/m²) 84 (11) 79 (10)a 79 (9) 73 (9) 85 (10)
ESV (ml/m²) 38 (7) 36 (6)a 36 (5) 33 (6) 38 (5)
SV (ml/m²) 46 (6) 43 (6)a 43 (6) 40 (4) 47 (6)
EF (%) 54 (4) 55 (4) 55 (4) 55 (4) 55 (3)
Mass (g/m²) 14 (3) 13 (2) 13 (1) 13 (3) 14 (2)
CO (liters/min�m²) 3.4 (0.6) 3.4 (0.6) 3.5 (0.7) 3.2 (0.5) 3.5 (0.7)

Left ventricle
EDV (ml/m²) 81 (10) 72 (9)a 75 (10) 67 (7) 76 (9)
ESV (ml/m²) 34 (5) 29 (4)a 30 (5) 28 (5) 29 (3)
SV (ml/m²) 47 (7) 44 (4)a 44 (7) 41 (5) 47 (7)
EF (%) 58 (4) 60 (4) 59 (4) 59 (5) 62 (3)
Mass (g/m²) 45 (6) 44 (4) 43 (5) 43 (5) 46 (2)
CO (liters/min�m²) 3.5 (0.5) 3.4 (0.5) 3.6 (0.8) 3.2 (0.3) 3.5 (0.5)

Data are mean (SD) values for CMR values normalized for BSA. CO, Cardiac output; mass, wall mass.
a indicates P � 0.05 from analysis of covariance on original data with statistical adjustment for BSA or BMI.
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may indicate GH does not affect ventricular size relative to body
size. We, however, compared our patients with healthy controls.
The differences we found therefore may be interpreted to reflect
the above-mentioned cardiac hypoplasia in TS rather than a GH
effect. This is supported by the absence of differences between
our GH dose groups.

Cardiac function
Initially GH excess is associated with normal to increased

ventricular function (4, 6, 8, 22). Patients with acromegaly, on
the other hand, develop LV diastolic dysfunction over time (23,
24). Moreover, in acromegaly diastolic dysfunction relates to
disease activity and can be detected before evident systolic dys-
function or hypertrophy (4, 23).

Compared with controls, our TS patients generally showed
normal RV diastolic filling, with some shifting toward late dia-
stolic filling for the LV. Previously Radetti et al. (8) reported
comparable findings in TS during GH treatment. Diastolic filling
is known to be heart rate dependent (25, 26), and correction for
heart rate (which was significantly higher in our patients) re-
sulted in comparable biventricular diastolic filling pattern be-
tween our patients and controls. As Radetti et al. previously
suggested, the changes seen in LV diastolic filling in TS probably
should be regarded as an adaptation to the higher heart rates seen
in TS, rather than an early representation of LV dysfunction (8).
Nevertheless, ventricular function in TS may become compro-
mised over time by factors other than GH treatment. This was
suggested by Andersen et al. (27), who found abnormal relax-
ation and pseudonormal filling during diastole in an older pop-
ulation. They also found signs of systolic dysfunction in close
relation to the appearance of diastolic dysfunction. Overall, our
results lead us to conclude that young adults with TS formerly
treated with GH, even in high doses, show normal biventricular
function.

Heart rate
As was briefly mentioned in the previous section, we found TS

patients had a higher mean heart rate, compared with our healthy
controls. Increased heart rates have repeatedly been found in TS
both prenatally and during postnatal life (28–30). Recent studies
described dysregulation of the sympathetic nervous system, lead-
ing to tachycardia, high blood pressure, increased resting nor-
epinephrine levels, and a blunted cathecholinergic response to
exercise in TS (30, 31). There is also evidence that resting heart
rate negatively correlates with LV chamber size, a correlation
(although weak) that we also found within our population (32).
As such the smaller ventricular volumes in TS described here,
although of no immediate clinical relevance, may be part of the
etiology of the increased resting heart rate in TS. Evidence is
increasing as to the detrimental effect of higher resting heart rates
on long-term (cardiovascular) mortality (33, 34).

In Turner syndrome an increased risk of aortic dissection and
related mortality is generally recognized. A higher mean heart
rate may contribute to faster progression of aortic dissection.
Further research on the etiology of the high resting heart rate
repeatedly found in TS, its role in cardiac mortality, and possible
therapeutic interventions appears warranted.

Limitations of this study
The absence of an untreated group of Turner patients for

comparison is a drawback of our study. However, currently TS
is an accepted indication for GH treatment in our country, and
it was felt unethical to withhold treatment from patients. Nev-
ertheless, the absence of long-term prognostic cardiac data may
be considered the driving force behind the present study. To the
best of our knowledge, this study is the first to determine cardiac
status in an adult population, in which treatment was discon-
tinued in all patients. Our population represents cardiac status
up to 9 yr after discontinuation of GH treatment without inter-
ference of data from patients still treated with GH.

Longitudinal MRI data would have been valuable and might
have given the answers to some of the remaining questions men-
tioned earlier. However, cardiac MRI has been available in our
institution only during the last 5 yr. We chose to apply MRI
because it is the current gold standard for biventricular volu-
metric quantification. We think our current MRI data supple-
ment the echocardiographic data previous published by Sas et al.
(7) on LV mass and volume during GH treatment with results
pointing in the same direction.

Finally, several factors have been suggested as appropriate for
correction of body size when looking at heart dimensions. We
choose to apply a correction for BSA. However, a correction for
BMI might also have been appropriate considering the difference
in BMI between our patients and controls. Afterward we did
statistically correct for BMI, which did not change our overall
conclusions.

Final considerations
At least 6 months after discontinuation of high-dosed GH

treatment, this study shows TS patients have no myocardial hy-
pertrophy or ventricular dysfunction, both well-known cardiac
complications of long-term GH excess. Ventricular volumes at
adult age are smaller, compared with controls, with comparable
cardiac output achieved at a higher resting heart rate. The impact
of these last observations on long-term prognosis remains un-
clear. However, they may be part of the natural development in
TS and as such not linked to the use of GH, which at this point
we would consider safe.
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