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ABSTRACT

This study measured glucose uptake in the right ventricle (RV) of patients with pulmonary hypertension and investigated 
the relationship to hemodynamics and survival. Myocardial 18F‑fluorodeoxy‑glucose (FDG) uptake was measured using 
single‑photon positron emission tomography (SPECT) in 24 patients with idiopathic pulmonary arterial hypertension (IPAH) and 
43 patients with congenital heart disease (CHD). In both IPAH and CHD‑PAH, RV FDG uptake (RV/LV ratio) was associated 
with pulmonary vascular resistance (PVR). A second SPECT scan was performed in nine patients after 6 months treatment 
with sildenafil. PVR decreased from 1683±426 to 1207±383 dyn s‑1 cm‑5 (P < 0.05) and cardiac index improved from 2.2±0.2 
to 2.8±0.5 L/min/m2 (P < 0.01). RV/LV FDG uptake decreased from 1.28±0.32 before treatment to 0.99±0.23 (P < 0.05). 
Survival in the IPAH group with a baseline RV/LV FDG uptake greater than the median value of 1.20 was significantly lower 
than that of the group with RV/LV FDG uptake below 1.20 (log‑rank test, P < 0.05). In contrast, baseline RV/LV FDG was of 
little informative value in CHD. FDG uptake by the RV reflects the severity of PVR in PAH. Increased RV FDG uptake is a 
marker of poor prognosis in IPAH and is reduced in patients receiving effective therapy. It could prove useful in the early clinical 
assessment of novel therapies for PAH.
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The response of the right ventricle (RV) to pulmonary 
arterial hypertension (PAH) is a major determinant 
of survival. [1‑4] Myocardial hypertrophy frequently 
accompanies PAH. It is thought to be an appropriate 
reaction to the increased pressure load and necessary to 
maintain blood flow through increased pulmonary vascular 
resistance.[4] In addition to hypertrophy, the myocardium 
changes its energy substrate from fatty acid oxidation to 
glycolysis.[5‑7] This switch in energy substrate is a sign that 
the myocardium is under stress.

18F‑fluoro‑2‑deoxy‑d‑glucose (FDG) is a glucose analog that 
is taken up by viable cardiac myocytes in the same way as 
glucose, but its subsequent metabolism is blocked and it 
remains within the myocyte. It is thus a tracer of exogenous 
glucose uptake and, by inference, of myocardial viability.[8] 
Myocardial FDG uptake offers a noninvasive measurement 
of myocardial glucose metabolism. While established for 
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the assessment of LV function, data to date on its value in 
understanding RV adaptation in pulmonary hypertension 
are limited.[9‑13]

Patients with idiopathic PAH (IPAH) have a worse 
prognosis than patients with pulmonary hypertension 
associated with congenital heart disease (PH‑CHD). 
This may be related to better adaptation of the RV in 
PH‑CHD. This study compared RV FDG uptake by SPECT 
in patients with IPAH and CHD‑PAH, and investigated 
the relationship to the following: (a) hemodynamic and 
functional parameters, including survival; and (b) the 
effect of treatment.

MATERIALs AND METHODS

Patient population
Consecutive patients aged over 18  years diagnosed 
with IPAH and CHD‑PAH attending Fu Wai Hospital, 
Beijing, from April 2007 to March 2009 were invited to 
participate. Pulmonary hypertension was defined as resting 
mPAP ≥ 25 mmHg measured by right heart catheterization. 
Patients with coronary artery disease, cardiomyopathy, 
primary valvular disease, or systemic arterial hypertension 
were excluded. Other exclusion criteria were diabetes 
mellitus or glucose intolerance, based on a fasting plasma 
glucose concentration of 5.6‑7.8 mmol/L or between 7.8-
11.1 mmol/L at two hours post‑oral glucose load (75 g). 
The Ethical Committee on Human Research at Fu Wai 
Hospital approved the study protocol (Project No: 216), 
and all patients enrolled with written informed consent.

Imaging studies
After a minimum eight hours overnight fast, patients were 
given a 50 g oral glucose load 30 min before the injection 
of 185 MBq 18F‑fluorodeoxyglucose (18F‑FDG). Forty to 
sixty minutes post‑injection, patients underwent SPECT 
imaging using a dual‑head large‑field‑of‑view 5/8‑inch 
crystal SPECT camera (Varicam, GE Healthcare) equipped 
with ultra‑high‑energy parallel‑hole collimators. The 
use of energy windows of 18F (511±30% keV) allowed 
imaging of 18F‑FDG. Thirty  projection images were 
acquired over a 180° arc (45° right anterior oblique to 
45° left posterior oblique position) at 6° intervals. The 
acquisition time was 50 sec at each projection. Myocardial 
images were reconstructed using a standard filtered back 
projection with a cutoff frequency of 0.35 and order 8 and 
displayed as series of short‑axis, horizontal, and vertical 
long‑axis slices.

In nine patients, a second 18F‑FDG SPECT scan was 
performed after six  months treatment with sildenafil 
(25 mg three times a day).

Data analysis
18F‑FDG image data were analyzed semi‑quantitatively 
using short‑axis tomogram. Regions of interest (ROI) of 
2×2 pixels were drawn over the center of free wall of the 
RV and left ventricle (LV) myocardium on one apical, one 
midventricular, and one basal slice, respectively. Each slice 
was of 1 pixel (4.7 mm) in depth. The arithmetic mean of 
the mean count for the three slices of each RV was divided 
by the same for each LV.

Hemodynamic measurements
All patients underwent right heart catheterization with 
three days of SPECT imaging. The mean pulmonary artery 
pressure (mPAP), mean right atrial pressure (RAP), 
and right ventricular end‑diastolic pressure (RVEDP) 
were recorded. The cardiac output was determined by 
thermodilution, normalized for surface area, and expressed 
as the cardiac index (CI). Pulmonary vascular resistance 
(PVR) was calculated as mPAP/cardiac output.

6‑min walk test
The 6-minute walk test (6MWT) was performed within 
three days of SPECT imaging using a standardized protocol, 
as described previously.[14] Briefly, patients walked along 
an enclosed, flat 30‑m long corridor marked every 5 m. 
Technicians did not escort but encouraged patients using 
standardized phases “You are doing well” or “Keep up the 
good work.” Patients were instructed to walk at their own 
pace to cover as much ground as possible in six minutes.

Follow‑up
Patients were followed up by telephone or letter. Survival 
was estimated from the date of SPECT imaging study to 
31st March 2010.

Statistical analysis
All data are expressed as mean ± SD. Between‑group 
comparisons were done using unpaired Student’s t‑test 
or paired Student’s t‑test where appropriate. Correlations 
between the two parameters were determined by simple 
linear regression analysis. In all cases, significance was 
considered valid at P<0.05. Survival curves were derived 
using the Kaplan‑Meier method, using the median value as 
a cutoff, and compared using log‑rank test.

RESULTS

Twenty-four patients (4  men and 20  women; mean age 
31.4±10.7 years) with IPAH and 43 patients (9 men and 
34 women; mean age 29.7±9.1 years) with CHD‑PAH were 
recruited to the study (12 with atrial septal defect, 21 
with ventricular septal defect, and 10 with patent ductus 
arteriosus). All PH‑CHD had undergone surgical correction 
of their shunt. Table  1 shows the baseline data in each 
subgroup, based on the most recent clinical classification of 
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pulmonary hypertension.[15] Of these, 47 (17 with IPAH and 
30 with CHD‑PAH) consented to a 6MWT within three days 
of radionuclear imaging.

mPAP and CI were significantly higher in CHD‑PAH than 
in IPAH. The mean RV/LV FDG was similar between 
two groups. Representative midventricular short‑axis 
18F‑FDG SPECT images of two different categories of 
pulmonary hypertension are shown in Figure 1. The mean 
plasma glucose levels at the time of SPECT imaging were 
8.7±0.9 mmol/L and 8.8±1.0 mmol/L in patients with IPAH 
and CHD‑PAH, respectively.

Relationship of 18F‑FDG uptake with pulmonary 
hemodynamic measurements
In 24 patients with IPAH, RV/LV FDG correlated significantly 
with mPAP (r = 0.562, P < 0.01), RAP (r = 0.470, P < 0.05), 
RVEDP (r = 0.611, P < 0.01), and PVR (r = 0.574, P < 0.01). 
There was significant negative correlation between RV‑/LV-
FDG and CI (r = ‑0.503, P < 0.05; Fig. 2).

In 43 patients with CHD‑PAH, a significant correlation was 
found between RV/LV FDG and PVR (r = 0.523, P < 0.001), 
but RV/LV FDG was independent of mPAP, PAR, RVEDP, 
and CI (Fig. 3).

18F‑FDG uptake and response to treatment
A second 18F‑FDG scan was available in nine patients 
(three with IPAH and six with CHD‑PAH) after they had 
been treated with sildenafil for six months. Cardiac index 
improved from 2.2±0.2 to 2.8±0.5 L/min/m2 (P < 0.01), 
mPAP decreased from 68.7±13.2 to 59.0±15.1 mmHg (P < 
0.05), and PVR from 1683±426 to 1207±383 dyn s‑1 cm‑5 
(P < 0.05). RV‑/LV-FDG uptake decreased from 1.28±0.32 
before treatment to 0.99±0.23 (P<0.05). The mean blood 
glucose on first and second visits for these patients 
were 5.1±0.41 mmol/L versus 5.3±0.45 mmol/L fasting 
(before 50 g oral glucose load), and 8.8±0.8 mmol/L 
versus 8.9±0.7 mmol/L at the time of SPECT imaging. 
Representative FDG images of a patient with IPAH 
before and after six  months of treatment are shown in  
Figure 4.

Table 1: Clinical and hemodynamic characteristics of 
patients with IPAH and CHD‑PAH
Characteristic IPAH CHD‑PAH P

N 24 43 ‑
Age (years) 31.4±10.7 29.7±9.1 NS
Gender (M/F) 4/20 9/34 NS
New York Heart functional 
class (I/II/III/IV)

2/8/13/1 1/30/12/0 NS

Heart rate (beats/min) 85.3±12.5 80.7±12.2 NS
Mean arterial blood pressure 
(mmHg)

83.6±9.8 85.9±9.0 NS

Cardiac index (L/min/m2) 2.0±0.6 2.6±0.7	 <0.01
Right atrial pressure (mmHg) 10.5±5.4 8.2±4.8	 NS
Right ventricular end‑diastolic 
pressure (mmHg)

18.0±11.3 16.7±10.7 NS

Mean pulmonary artery 
pressure (mmHg)

66.6±13.1 77.9±19.4 <0.05

Pulmonary vascular 
resistance (dyn s‑1 cm‑5)

1884±644 1617±598 NS

RV/LV FDG 1.23±0.42 1.24±0.39 NS

Figure 1: The representative short‑axis 18F‑FDG SPECT images: (A) The short‑axis images of a patient with IPAH, mPAP=86 mmHg, PVR = 2991 dyn s‑1 cm‑5, 
RV/LV FDG=1.78. (B) The short‑axis images of a patient with CHD‑PAH, mPAP=86 mmHg, PVR=1443 dyn s‑1 cm‑5, RV/LV FDG=1.21.

B

A
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Relationship of 18F‑FDG uptake with 6MWT
6MWT data were available in 47  patients (17 with 
IPAH and 30 with CHD‑PAH). There was a negative 
correlation with RV/LV FDG uptake in IPAH patients (r 
= ‑0.554, P < 0.05), but that was not evident in CHD‑PAH  
patients (Fig. 5).

Relationship between 18F‑FDG uptake and 
survival
Survival data were obtained in 100% of patients. During 

21±8  months of follow‑up, eight patients died (six with 
IPAH and two with CHD‑PAH). Right heart failure was the 
cause of death in all patients. For 24 patients with IPAH, 
survival in the group with a RV/LV FDG uptake greater than 
a median cut‑off value of 1.20 (Group 1) was significantly 
lower than that of the group with RV/LV FDG uptake below 
1.20 (Group 2; log‑rank test, P < 0.05). However, using the 
same cut‑off for 43 patients with CHD‑PAH, no difference 
in survival was found between the group with a RV/LV FDG 
uptake >1.20 (Group 3) and that of the group with RV/LV 

Figure 2: Correlation between RV/LV FDG and mPAP (A), RAP (B), RVEDP (C), PVR (D), and CI (E) in 24 patients with IPAH.

(A) (B)

(C) (D)

(E)
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Figure 3: Correlation between RV/LV FDG and mPAP (A), RAP (B), RVEDP (C), PVR (D), and CI (E) in 43 patients with CHD‑PAH.

(A) (B)

(C) (D)

(E)

FDG uptake <1.20 (Group 4; log‑rank test, P > 0.05; Fig. 6). 
Table 2 shows the comparative clinical and hemodynamic 
data for two groups of patients with IPAH and two groups 
of patients with CHD‑PAH.

DISCUSSION

This is the largest study to date of RV FDG uptake in patients 
with pulmonary hypertension. In both IPAH and CHD‑PAH, 

RV FDG uptake correlated positively with PVR, reducing 
with reduction in PVR on treatment. Increased RV FDG 
uptake is a marker of impaired right heart function and 
poor prognosis in patients with IPAH. In contrast, it was of 
little informative value in CHD‑PAH.

The data support and extend previous observations in 
patients with PAH.[11] In a small study of 24 patients, 15 
with IPAH and 9 with chronic thromboembolism, RV FDG 
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Figure 4: Representative short‑axis images of a patient with IPAH before (A) and after 6 months of treatment (B). Before treatment the mPAP and PVR were 
86 mmHg and 2425 dyn s‑1 cm‑5, respectively, and 18F‑FDG RV uptake significantly increased with a RV/LV FDG value of 2.2. After treatment the mPAP and 
PVR reduced to 75 mmHg and 1847 dyn s‑1 cm‑5, respectively, and the RV/LV FDG markedly decreased to 0.9.

B

A

Figure 5: Correlations of RV/LV FDG and 6MWT in 17 patients with IPAH (A) and 30 patients with CHD‑PAH (B).
(A) (B)

Figure 6: Kaplan‑Meier survival estimates of 24 patients with IPAH (A), survival in the Group 1 (RV/LV FDG ≥ 1.2) was significantly lower than that of 
Group 2 (RV/LV FDG<1.2; log‑rank test, P<0.05). However, using the same cut‑off for 43 patients with CHD‑PAH (B), no difference in survival was found 
between Group 3 (RV/LV FDG ≥ 1.2) and Group 4 (RV/LV FDG<1.2; log‑rank test, P > 0.05).

(A) (B)
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uptake correlated with PVR, mean PAP, right atrial pressure, 
RV wall stress, and BNP levels in the mixed population. RV 
FDG uptake was reduced in IPAH patients who responded 
to epoprostenol therapy at three months. The correlation 
between RV FDG uptake and RV wall stress supports 
the idea that increased RV workload was responsible. 
A more recent study of myocardial FDG uptake in 23 PAH 
patients using positron emission tomography (PET)[13] has 
confirmed a correlation with prognostic markers. There are 
no data comparing IPAH and PH‑CHD.

The increase in glucose uptake observed in hypertrophied 
hearts is an adaptive response and an attempt to preserve ATP 
supply.[16] It is enabled by increased expression and function 
of the insulin‑independent glucose transporter, GLUT1.[17] 
A key intermediary signaling molecule in this “metabolic 
remodeling” is AMP‑activated protein kinase (AMPK). 
AMPK is a heterotrimeric complex comprising a‑catalytic 
and b‑  and g‑regulatory units that acts as a “low‑fuel 
sensor.” Its activity is increased when cellular high‑energy 
phosphates, including ATP and phosphocreatine, are 
depleted, although the enzyme is also activated in the 
hypertrophied heart by energy‑state‑independent 
mechanisms. In addition to increasing glucose transport, 
AMPK activation in ventricular hypertrophy[18] preserves 
ATP levels by accelerating glycolysis and by inhibiting acetyl 
CoA carboxylase.[19,20]

RV/LV FDG values might be expected to be higher in the 
CHD‑PAH than the IPAH cohort, given the significantly 
higher mPAP in the former group. The fact that RV FDG 

uptake was similar in the two groups suggests better 
adaptation of the RV in CHD‑PAH to the increased 
workload. This is consistent with studies of the natural 
history of CHD‑PAH, which suggest that CHD‑PAH patients 
have a better clinical outcome. The RV of CHD‑PAH 
patient is exposed to an increased preload from an 
early age, allowing the RV time to adapt during cardiac 
development.

In contrast, in IPAH, the need to increase myocardial 
glucose transport, as measured by RV FDG uptake, is a 
poor prognostic marker, denoting patients at increased risk 
of premature death.[21] RV FDG uptake showed a positive 
correlation with PVR and correlated negatively with the 
6MWT, both prognostic markers in IPAH. This may indicate 
that RV FDG uptake provides additional information 
in IPAH. Whether RV FDG uptake is an independent 
prognostic marker cannot be addressed from the current 
dataset due to the relatively small numbers of patients 
with IPAH studied.

The main limitation of this study is the spatial resolution 
of SPECT. We were not able to obtain standardized 
uptake values (SUV) for RV FDG uptake. PET imaging has 
advantages in this regard, thereby reducing partial volume 
effect, and also offers better sensitivity. Both techniques 
express the results as the RV/LV FDG ratio.[13,21] Arguably, 
SPECT is more widely available and so our observations 
have broader utility. The relatively small number of patients 
studied is also a limitation but the cohort is one of the 
largest studied to date.

Table 2: Comparative data for IPAH with RV/LV FDG ≥ 1.20 (Group 1) and <1.20 (Group 2) and CHD‑PAH with RV/
LV FDG ≥ 1.20 (Group 3) and <1.20 (Group 4)

IPAH patients CHD‑PAH patients

Group1 (n=12) Group 2 (n=12) P value Group3 Group 4 (n=23) P value (n=20)

Age
31.0±9.3 31.8±12.3 NS 29.5±8.4 29.9±10.2 NS

Gender (M/F)
0/12 4/8 – 7/16 2/18 –

New York Heart functional class (I/II/III/IV)
1/4/6/1 1/4/7/0 – 0/15/8/0 1/15/4/0 –

Heart frequency (beats/min)
90.2±12.8 80.5±10.5 NS 79.2±10.2 82.4±14.3 NS

Mean arterial blood pressure (mmHg)
84.4±8.5 82.7±11.3 NS 88.6±8.8 82.8±8.4 P<0.05

Cardiac index (L/min/m2)
1.9±0.7 2.1±0.5 NS 2.6±0.8 2.5±0.6 NS

Right atrial pressure (mmHg)
12.9±6.6 8.2±2.5 P<0.05 8.4±4.3 7.9±5.4 NS

RV end‑diastolic pressure (mmHg)
24.8±10.2 11.1±7.8 P<0.01 14.0±10.1 19.8±10.8 NS

Mean pulmonary artery pressure (mmHg)
71.1±13.7 62.2±11.2 NS 83.2±18.2 71.8±19.5 NS

Pulmonary vascular resistance (dyn s‑1 cm‑5)
2178±724 1591±394 P<0.05 1823±612 1380±495 P<0.05

RV/LV FDG
1.65±0.52 0.93±0.17 P<0.001 1.47±0.32 0.96±0.15 P<0.001
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There is unanimous agreement that the RV response 
to pulmonary hypertension is a major determinant of 
survival. It is important that new treatments address not 
only the pulmonary vascular pathology but also the RV in 
pulmonary hypertension. There is increasing interest in 
promoting more efficient myocardial ATP production as a 
therapeutic strategy in PAH by encouraging mitochondrial 
glucose oxidation. Pyruvate dehydrogenase kinase (PDK) 
is a key regulator of glucose oxidation. Activated PDK 
phosphorylates and inhibits pyruvate dehydrogenase (PDH), 
blocking the entry of pyruvate into the mitochondria, and 
inhibiting formation of acetyl CoA and retarding the Krebs’ 
cycle. Studies in animal models of pulmonary hypertension 
suggest that inhibition of PDK with dichloroacetate increases 
cardiac contractility ex vivo and in vivo.[10] The morphological 
and functional response of the heart‑to‑pressure load can 
be measured by echocardiography and cardiac magnetic 
resonance. RV FDG uptake offers additional information on 
the biochemical adaptation of the RV to increased pressure 
load and could prove useful in the early assessment of novel 
therapies for pulmonary hypertension.
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