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Abstract: 

Purpose: To assess the clinical value of oxygen-

enhanced MRI (oeMRI) in patients with pulmo-

nary hypertension (PH) by correlation with venti-

lation/perfusion (V/Q) scintigraphy.  

Materials and Methods: 33 patients with known 

PH underwent V/Q scintigraphy and oeMRI. Mul-

tislice oeMRI was used to assess the regional 

pulmonary function based on relative-signal-

enhancement (RSE) and cross-correlation-

coefficient (CCC) maps, evaluating mean RSE 

(mRSE), fraction of oxygen-activated pixels 

(fOAP) and mean CCC (mCCC). A visual detection 

of diseased lung areas was performed by two 

reviewers, blinded to the results of scintigraphy. 

Results: In 26 of the 33 patients (79%), image 

quality of oeMRI reached a diagnostic level. In 

total, 150 lung areas were analyzed and com-

pared; ventilation scintigraphy showed 37 dis-

eased and 113 healthy areas (perfusion scintigra-

phy: 96 diseased, 54 healthy). Sensitivi-

ties/specificities of oeMRI for detecting these 

defects were: RSE vs. ventilation scintigraphy 

92%/73%; RSE vs. perfusion scintigraphy 

60%/87%; CCC vs. ventilation scintigraphy 

89%/81%; CCC vs. perfusion scintigraphy 

50%/87%.  

The number of diseased lung areas in oeMRI cor-

related significantly with the number in V/Q scin-

tigraphy (p<0.01). mRSE showed a significant 

correlation with the number of diseased lung 

areas in ventilation scintigraphy (p<0.05). 

Conclusions: oeMRI is feasible in PH patients, 

yielding an overall moderate agreement between 

oeMRI and V/Q scans, with a good sensitivity of 

oeMRI for the detection of ventilation defects as 

compared with ventilation scintigraphy. 
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Introduction 

Pulmonary hypertension (PH) is a severe disease, 

defined by a progressive increase of the mean pul-

monary arterial pressure (25 mmHg at rest) with 

accompanying increase of pulmonary vascular re-

sistance over 3 WU (Wood’s unit) (1, 2), which may 

lead to right ventricular failure and eventually 

death. Multiple causes of pulmonary hypertension 

are known, ranging from idiopathic pulmonary ar-

terial hypertension (IPAH) to disease-associated 

causes as in chronic thromboembolic pulmonary 

hypertension (CTEPH) (1). The medical manage-

ment of PH is based on the underlying condition, 

e.g., surgery for CTEPH or vasodilating drugs for 

IPAH (1-3). Thus, a valid differentiation between 

the various causes of PH is highly desirable. Today, 

this requires a series of clinical examinations and 

imaging procedures for an accurate diagnosis. For 

diagnostic purposes and surveillance of patients 

suffering from PH, various techniques are used, 

such as echocardiography, right cardiac catheteri-

zation, or spiroergometry. Additional common im-

aging methods are computed tomography (CT) and 

ventilation/perfusion scintigraphy (V/Q scintigra-

phy). With the exception of spiroergometry and 

echocardiography all of the before mentioned di-

agnostic techniques include limiting factors for 

follow-up examinations, e.g. the usage of ionizing 

radiation in CT and V/Q scintigraphy or the invasive 

nature of right cardiac catheterization. In addition, 

there are other important disadvantages. Spiroer-

gometry contains no information about morpholo-

gy, while V/Q scintigraphy is limited to two-

dimensional projection images. The necessary us-

age of iodinated contrast material in CT is a further 

potential limitation. On the other side, magnetic 

resonance imaging (MRI) would be a non-invasive 

alternative imaging method in these patients, 

providing morphological and functional information 

of the lungs at the same time, without ionizing ra-

diation or usage of iodinated contrast material. 

However, MRI of the lung suffers from low sig-

nal intensities and severe susceptibility artifacts, 

caused by the heterogeneous structure of the lung, 

which consists mainly of microscopic air-filled al-

veoli with a large interface between air spaces and 

tissue or blood (4-14). Therefore, MRI is generally 

considered not ideally suited for lung imaging and 

it would be desirable to improve MRI techniques to 

utilize its advantages (no radiation and possibility 

of functional imaging) for pulmonary applications 

as well. oeMRI allows for a visualization of the pri-

mary lung function, i. e., gas exchange. The gas 

exchange is an interaction of three mechanisms. 

The inhaled oxygen must reach the alveoli (ventila-

tion). The oxygen has to pass over from the alveoli 

into the capillaries (diffusion). Fresh blood must be 

supplied, in which the oxygen can be solved (perfu-

sion). In oeMRI, oxygen acts as a weak contrast 

agent with an average oxygen-induced shortening 

of the T1 relaxation time of pulmonary parenchyma 

between 7 % and 14 % (4-14). 

Several studies have shown that oeMRI is a 

feasible technique in healthy volunteers, but there 

is only limited experience in circumscribed patient 

cohorts such as patients suffering from PH (10, 11, 

13, 15-21). The purpose of our study was two-fold. 

The first aim of this study was to assess the value of 

oeMRI in patients with PH, comparing oeMRI with 

V/Q scintigraphy serving as imaging reference 

standard. The second aim was to analyze oeMRI 

data with two different methods: The commonly 

used so-called “relative signal enhancement” (RSE) 

(4,11,14,15,22) and an improved “cross-correlation 

coefficient” (CCC) analysis, which allows for a fast-

er post-processing by bypassing the process of 

selecting co-registered images (23, 24). 

Materials and Methods 

Subjects 

Our study included 33 patients with PH (20 women; 

13 men; 56.9±17.5 years; range 15 to 81 years). All 

patients underwent pulmonary V/Q scintigraphy 

and dynamic oeMRI within a period of 2 months 

(mean 10.5±14.3 days; range 1 to 59 days). Accord-

ing to all patient data available (i.e. clinical history, 

right cardiac catheterization, additional or previ-

ously conducted imaging like CT-angiography, 

scintigraphy or MRI) 25 of these 33 patients suf-

fered from CTEPH, and 8 were diagnosed with 

IPAH. One patient had undergone pneumectomy 

due to a Schwannoma. Ethics committee approval 

was obtained, and all patients gave written in-

formed consent before investigation. 

V/Q scintigraphy 

V/Q scintigraphy was performed in supine position 

and always in the following sequence: First, perfu-
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sion images were acquired after intravenous ad-

ministration of approximately 100 MBq techneti-

um-99 m labeled macroaggregated albumin 

(99 mTc-MAA) during 3-5 respiratory cycles. We 

used an energy window of 20% (centered at the 

technetium-99m peak: 140 keV), a matrix of 

128 × 128 pixels and accumulated approximately 

400.000 counts per view. In a second step after a 

mean time delay of approximately 20 minutes, ven-

tilation images were obtained after inhalation of 

graphite crucible microaerosol particles labelled 

with technetium-99 m pertechnetate (Technegas) 

delivered via a nebulizer. In order to ensure appro-

priate discrimination between the different infor-

mation delivered by the perfusion and the ventila-

tion images, a minimum threefold count rate (com-

pared to the initial perfusion scan) was deemed 

necessary for the ventilation image acquisition. For 

all examinations, an ECAM dual-head Gamma-

camera (Siemens Healthcare, Erlangen, Germany) 

with a medium-energy, general-purpose collimator 

was used. Anterior, posterior, lateral and oblique 

projections were obtained for both, the ventilation 

and the perfusion scans.  

Oxygen-enhanced MRI of the lungs 

All exams were performed on a whole-body MRI 

system with a field strength of 1.5 Tesla (Magne-

tom Sonata, Siemens Healthcare, Erlangen, Ger-

many) with a gradient system providing a maxi-

mum gradient strength of 40 mT/m and a maxi-

mum gradient slope of 200 mT/(m ms). A dedicated 

parallel-imaging thorax surface coil system (Sie-

mens Healthcare, Erlangen, Germany) consisting of 

12 coil elements (6 posterior and 6 anterior) was 

used; 8 of these 12 elements are combined in pairs 

of 2 such that together with the remaining 4 ele-

ments the coil system matches the 8 receiver chan-

nels of the MR system. 

We used a T1-weighted multi-slice inversion-

recovery half-Fourier-acquisition single-shot turbo-

spin-echo (HASTE) sequence (TI=1300 ms, 

TE=11 ms, 4 slices, slice thickness 8 mm, slice dis-

tance 16 mm, matrix 128×128, FOV 400×400 mm², 

GRAPPA acceleration factor 2).  

It is known that altered physiology during 

breath holding occurs (25). In addition, many pa-

tients with PH are not able to hold their breath long 

enough for data acquisition, so we implemented a 

respiratory-triggered free-breathing acquisition 

technique and a cardiac triggering technique to 

decrease the motion artifacts, as described else-

where (24-26). Images were acquired when diastole 

and end-expiration fitted together. 

Each examination consisted of a series of 80 

acquisitions (20×air, 20×O2, 20×air, 20×O2). The 

total acquisition time varied between 8 and 13 

minutes depending on the respiration frequency, 

which was between 6/min and 10/min. Room air 

and oxygen from an air/oxygen providing connec-

tion in the examination room was supplied via an 

oxygen mask. The mask was fitted properly before 

the patients were examined in supine position. The 

gas flow was about 20 l/min.  

Image post-processing and data analysis 

V/Q scintigraphy data evaluation 

V/Q scintigraphy data was rated by an experienced 

nuclear medicine physician blinded to the findings 

of oeMRI. Each lung was segmented in three areas 

(upper, middle, and lower area), resulting in six 

lung areas per patient. The acquired images were 

visually assessed for perfusion defects and ventila-

tion defects in a dichotomous way (defect yes/no 

per lung area; 6 areas per patient). 

oeMRI: motion correction and segmentation 

As a first step of post-processing, a retrospective 

motion correction was performed as described in 

detail elsewhere (14). The vertical diaphragm posi-

tion in all repetitions is compared with the dia-

phragm position in an average image, and only 

acquisitions with identical vertical diaphragm posi-

tion within 3 pixels of cranio-caudal ranges are 

accepted for further processing. Then, the lungs 

were segmented manually in each acquired slice by 

defining two regions of interest (ROIs; right and left 

lung) excluding the large central pulmonary ves-

sels. 

oeMRI: relative-signal-enhancement analysis 

For RSE calculation, the first 5 acquisitions after 

each switching of the gas supply were discarded 

because of their intermediate signal intensity. To 

reduce the influence of statistical noise, the image 

data were low-pass filtered before further pro-

cessing using a 5×5 Gauss filter with a standard 

deviation of 2 pixels. Then, all accepted remaining 

images of room air measurements (mean navigator 

acceptance rate 75.8±17.0%) as well as of the oxy-
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gen measurements (mean navigator acceptance 

rate 78.9±17.3%) were averaged, and maps of rela-

tive signal increase (SI) ΔSIrel =  

(SIoxygen – SIair)/SIair were calculated. 

oeMRI: cross-correlation coefficient analysis 

The CCC analysis assesses the similarity between 

the temporal SI variations in time course data and a 

reference function and was applied without prior 

motion correction. In this study, the time response 

function of each pixel was correlated with a piece-

wise exponential function, which fits best with the 

physiologic signal increase due to oxygen inhala-

tion (27); the exponential time constants for oxygen 

wash-in and wash-out were set to 30 s and 25 s, 

respectively. Deviating time constants, e. g., in dis-

eased lung areas, will lead to reduced correlation 

coefficients. Following Molinari et al., pixels with a 

correlation coefficient of 0.5 or higher were count-

ed as oxygen-activated pixels (OAP) (24). 

oeMRI: qualitative and quantitative evaluation 

Two blinded radiologists performed the visual, 

qualitative analysis of the reconstructed oeMRI 

images via consensus decision. For this evaluation, 

each lung was segmented in three areas as in the 

scintigraphy analysis (Fig.1). If at least one defect 

was seen in a lung area in the reconstructed oeMRI 

images, this area was counted as “diseased”. The 

visual analysis of the oeMRI images included as-

sessment of both the RSE and CCC maps. The ho-

mogeneity of the signal was assessed in both maps 

as well (homogeneous or inhomogeneous).  

If an examination was peculiar for an ultra low 

enhancement in all lung areas on all slices, it was 

unblinded and compared with the corresponding 

V/Q scintigraphy images. If an obvious discrepancy 

in terms of scale and severity occurred in this com-

parison, which was not explainable by disease re-

lated reasons (i.e. a real defect), the examination 

was considered not to be adequate for further di-

agnostic evaluation due to technical reasons.  

For all diagnostically adequate examinations 

sensitivities and specificities of oeMRI in compari-

son to V/Q scintigraphy were calculated using a 

fourfold table. 

Quantitative analysis of the oeMRI images in-

cluded assessment of the mRSE, the mean cross-

correlation coefficient (mCCC) and the fraction of 

oxygen-activated pixels (fOAP) in the selected ROIs 

(right and left lung). The correlation of all deter-

mined parameters with each other and with the 

number of diseased lung areas in the CCC maps 

and the RSE maps were statistically evaluated using 

the Spearman rank correlation coefficient test. 

SPSS (version 14.0; IBM company; Chicago; Illi-

nois) was used for calculation. 

 

Figure 1: Example of an oeMRI examination (left) with segmented lungs (6 color-coded segmented fields, right). Both images 

show projections in anterior-posterior direction over all 4 acquired slices. 
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Results 

oeMRI success rate and average oeMRI 

parameters 

All dynamic oxygen-enhanced MR examinations 

were completed without any adverse effects such 

as headache, nausea, vomiting, dyspnea, or chest 

pain. 

The average mRSE during oxygen breathing 

was 7.7±4.6% (range: 0.4% to 17.2%; values of n 

= 33 patients). The average mCCC was 0.42±0.17 

(range 0.08 to 0.78; for n = 33 patients) and the 

mean fOAP was 40.0±28.6% (range 0.1% to 

95.3%; values of n = 33 patients). 

26 of the 33 examinations (79%) reached di-

agnostic image quality and were used for further 

evaluation. In this selected patient group, the aver-

age mRSE, mCCC and fOAP were 9.4±3.7%, 

0.48±0.13, and 49.2±25.0%, respectively. The 

mean age of the included patients was 56.4±15.6 

years in a range of 26 to 77 years. In the group of 

excluded patients (59.0±24.7 years; range 15 to 81 

years) the corresponding mean mRSE, mCCC and 

fOAP were 1.5±0.9%, 0.20±0.08, and 6.1±7.6%, 

respectively. 6 of the included 26 patients suffered 

from IPAH and 20 from CTEPH. The afore-

mentioned patient who underwent a pneumonec-

tomy was included in this group. In one patient 

with an occlusion of the left main pulmonary artery, 

a

 thrombectomy was performed between the scintig-

raphy and the oeMRI examination; thus, only the 

untreated right lung was available for assessment. 

In total, 150 (=24×6 + 2×3) lung areas were availa-

ble for evaluation. 

V/Q scintigraphy 

In the 26 patients (150 lung areas) who were avail-

able for analysis, ventilation scintigraphy showed 

37 (25%) diseased and 113 (75%) healthy lung 

areas. The perfusion scintigraphy showed 96 

(64%) diseased and 54 (36%) healthy areas. 

oeMRI and V/Q scintigraphy: qualitative 

results and diagnostic accuracy 

Applying the common form of post-processing, 

i. e., the RSE method, the sensitivity and specificity 

of the qualitative, subjective analysis of the oeMRI 

data compared to ventilation scintigraphy was 92% 

and 73%, for the detection of areas with decreased 

ventilation (defect yes/no). The comparison of the 

RSE maps with perfusion scintigraphy showed a 

sensitivity of 60% and a specificity of 87%. (Table 

1A,B; Figs. 2, 3) 

When applying the new approach for post-

processing, i.e. the CCC method, for the qualitative 

analysis, sensitivity and specificity of oeMRI com-

pared to ventilation scintigraphy were 89% and 

81%. The comparison of the CCC maps with the 

perfusion scintigraphy lead to a sensitivity of 50% 

and a specificity of 87%. (Table 1C,D; Figs. 2, 3) 

Table 1: Comparison of oeMRI vs. V/Q scintigraphy 

 
1A: oeMRI (RSE method)  
vs. ventilation scintigraphy  

 1B: oeMRI (RSE method)  
vs. perfusion scintigraphy 

 
V scintigraphy 
positive 

V scintigraphy 
negative 

Σ  
Q scintigraphy 
positive 

Q scintigraphy 
negative 

Σ 

oeMRI (RSE 
method) positive 

34 31 
65 
(PPV 52%)

3
 

 58 7 
65 
(PPV 89%)

3
 

oeMRI (RSE 
method) negative 

3 82 
85 
(NPV 96%)

4
 

 38 47 
85 
(NPV 55%)

4
 

Σ 
37 
(Sens. 92%)

1
 

113 
(Spec. 73%)

2
 

150 
(DA 77%)

5
 

 
96 
(Sens. 60%)

1
 

54 
(Spec. 87%)

2
 

150 
(DA 70%)

5
 

    

 
1C: oeMRI (CCC method)  
vs. ventilation scintigraphy  

 
1D: oeMRI (CCC method)  
vs. perfusion scintigraphy 

 
V scintigraphy 
positive 

V scintigraphy 
negative 

Σ  
Q scintigraphy 
positive 

Q scintigraphy 
negative 

Σ 

oeMRI (CCC 
method) positive 

33 22 
55 
(PPV 60%)

3
 

 48 7 
55 
(PPV 87%)

3
 

oeMRI (CCC 
method) negative 

4 91 
95 
(NPV 96%)

4
 

 48 47 
95 
(NPV 49%)

4
 

Σ 
37 
(Sens. 89%)

1
 

113 
(Spec. 81%)

2
 

150 
(DA 83%)

5
 

 
96 
(Sens. 50%)

1
 

54 
(Spec. 87%)

2
 

150 
(DA 63%)

5
 

1
 sensitivity, 

2
 specificity, 

3
 positive predictive value, 

4
 negative predictive value, 

5
 diagnostic accuracy 
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Figure 2: 64-year-old female patient without circumscribed defects. A: RSE maps with relatively homogenous SI after oxygen 

inhalation. B: CCC maps without defects and with an overall more homogeneous SI if compared with the RSE maps. C: Venti-

lation scintigraphy with regular ventilation. D: Perfusion scintigraphy without detectable perfusion defects. 

 

 
Figure 3: 78-year-old male patient. A: RSE maps with an overall lower SI in the left lung and an inhomogeneous enhancement 

accentuated in the lower right lung. B: CCC maps with relatively similar impression compared to the RSE maps. C: Ventilation 

scintigraphy with lowered ventilation in the left lung and in the lower right lung. D: Perfusion scintigraphy with perfusion 

defects similar to the ventilation scintigraphy. 
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oeMRI and V/Q scintigraphy: quantitative 

results 

Analyzing only the correlations of the different 

oeMRI results, the quantitative analysis showed 

that the number of seen diseased lung areas in 

oeMRI RSE maps and CCC maps correlated signifi-

cantly (p < 0.001, r = 0.81) as well as all combina-

tions of the measured quantitative parameters 

fOAP, mCCC, and mRSE (p < 0.01). The fOAP and 

the mCCC showed a significant correlation with the 

number of diseased lung areas seen in oeMRI post-

processed with the CCC method (fOAP correlation: 

p = 0.006, r = 0.49; mCCC correlation: p = 0.003, r = 

0.53). Likewise, the mRSE and the number of dis-

eased lung areas seen in the RSE maps correlated 

significantly (p = 0.019, r = 0.41). (Table 2) 

Comparing oeMRI and V/Q scintigraphy, the 

quantitative analysis showed that the number of 

seen diseased lung areas in oeMRI RSE maps and 

CCC maps correlated significantly with the number 

of seen diseased lung areas in the ventilation and 

perfusion scintigraphy 

(RSE maps vs. V scintigraphy: p = 0.001, r = 0.58; 

RSE maps vs. Q scintigraphy: p = 0.001, r = 0.57; 

CCC maps vs. V scintigraphy: p < 0.001, r = 0.73; 

CCC maps vs. Q scintigraphy: p = 0.017, r = 0.42). 

Furthermore, mRSE showed a significant correla-

tion with the number of seen diseased lung areas in 

the ventilation scintigraphy (p = 0.032, r = 0.37), 

but failed to reach the significance level in the cor-

relation with the perfusion scintigraphy (as well as 

all other combinations of the evaluated parame-

ters). (Table 2) 

 

Table 2: Correlation of mRSE, mCCC and fOAP with each other and with the number of diseased lung areas in oeMRI and 

scintigraphy 

   Spearman’s rho p-value 
mRSE vs. RSE maps1 0.41 0.019* 
 vs. CCC maps2 0.43 0.014* 
 vs. V scintigraphy3 0.37 0.032* 
 vs. Q scintigraphy4 0.06 0.39 
 vs. mCCC 0.56 0.001* 
 vs. fOAP 0.55 0.002* 

mCCC vs. RSE maps1 0.35 0.042* 
 vs. CCC maps2 0.53 0.003* 
 vs. V scintigraphy3 0.28 0.08 
 vs. Q scintigraphy4 0.03 0.44 
 vs. fOAP 0.97 < 0.001* 

fOAP vs. RSE maps1 0.30 0.071 
 vs. CCC maps2 0.49 0.006* 
 vs. V scintigraphy3 0.27 0.095 
 vs. Q scintigraphy4 0.06 0.39 
1
 number of diseased lung areas in oeMRI post-processed with the RSE method 

2
 number of diseased lung areas in peMRI post-processed with the CCC method 

3
 number of diseased lung areas in ventilation scintigraphy 

4
 number of diseased areas in perfusion scintigraphy 

*
 statistically significant 
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Figure 4: 46-year-old female patient with lowered SI in the left lung dependent on either an enlarged heart or a combined 

ventilation perfusion defect. A: Ventilation scintigraphy with lowered signal in the left lower lung. B: Perfusion scintigraphy 

with lowered signal in the left lower lung. C: With the morphologic information of the RSE map, the observed lower signal is 

identified as an enlarged heart. D: The morphologic information of the CCC map also allows the identification of the enlarged 

heart. 

 

Discussion 

Pulmonary hypertension is a severe disease with 

various underlying causes. Therefore, imaging is an 

important tool for the primary diagnosis and for 

monitoring the course of the disease. Common 

imaging methods applied in PH-patients, such as 

V/Q scintigraphy and CT, are disadvantaged by the 

use of ionizing radiation. This is an important limi-

tation, especially if follow-up examinations in 

younger patients suffering from PH are necessary. 

oeMRI is an interesting alternative imaging method 

which does not apply ionizing radiation and can 

therefore be used for repeated follow-up examina-

tions. In addition, oeMRI provides superior mor-

phological information compared to scintigraphy, 

as in scintigraphy it may sometimes be difficult to 

clearly distinguish an enlarged heart from a com-

bined ventilation/perfusion defect (see Fig. 4). 

Thus, the aim of the present study was to test the 

potential clinical value of oeMRI in a selected pa-

tient cohort suffering from PH.  

The diagnostic accuracy of oeMRI was evaluated to 

decide whether or not oeMRI may become a useful 

tool in assessing PH and whether the more robust 

CCC method can substitute the conventional RSE 

post-processing method. For this qualitative as-

sessment, we compared oeMRI with V/Q scintigra-

phy (see Figs. 2 and 3) and found high sensitivity 

and specificity rates between oeMRI (independent 

of the post-processing method) and ventilation 

scintigraphy. It has been stated that oeMRI not only 

shows ventilation, but a combination of diffusion 

and ventilation (8, 15). The observed, higher corre-

lation of oeMRI and ventilation scintigraphy com-

pared to the lower correlation with perfusion scin-

tigraphy is in agreement with earlier studies, which 

demonstrated a preserved oeMRI signal in the 

presence of perfusion defects (4, 28). One possible 

explanation may be that even lung areas with re-

duced blood flow – observed as perfusion defects in 

perfusion scintigraphy – still contain a sufficiently 

high blood volume, in which the inhaled oxygen 

can be dissolved, resulting in a signal increase of 

this lung area.  

These results are also reflected in our compari-

son of the numbers of diseased lung areas between 

the different modalities (oeMRI an V/Q Scintigra-

phy). Spearman’s rank correlation coefficient 

showed quite variable results, with only moderate 

correlation of CCC maps vs. Q scintigraphy (r = 
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0.42), but a good correlation of CCC maps vs. V 

scintigraphy (r = 0.73). 

 

In addition to visual changes, oeMRI provides 

quantitative parameters to assess the severity of a 

disease, such as the mean relative signal enhance-

ment. The mRSE correlated significantly with the 

number of diseased lung areas in both ventilation 

scintigraphy and in oeMRI maps (either post-

processed with the RSE or CCC method). Another 

interesting quantitative parameter is the fraction of 

oxygen-activated pixels (with a cross-correlation 

coefficient of 0.5 or higher) (24, 27), which can be 

considered as an indicator for the amount of 

healthy lung tissue. The fOAP (respectively the 

fraction of non-activated pixels; 100 % – fOAP) 

showed a high correlation with the number of dis-

eased areas seen in oeMRI post-processed with the 

CCC method. The statistically significant results, 

however, are only associated with moderate (e.g. 

mRSE vs. mCCC r = 0.56) or low (e.g. mRSE vs. 

number of diseased lung areas in V scintigraphy r = 

0.37) correlation coefficients. Nevertheless, our 

results suggest that quantitative oeMRI parameters 

such as the mRSE or fOAP could be serving as 

markers for the severity of PH, even if their predic-

tive value is somewhat limited.  

The applied respiratory-triggered multislice 

oeMRI protocol results in average acquisition times 

between 8 and 13 min for a complete multislice 

data set (with 4 to 6 slices), depending on the pa-

tients’ respiration frequency and heart rate (14). 

This relatively short acquisition time (as compared 

to e.g., 6 minutes/slice without respiratory trigger-

ing in earlier approaches (29)) offers the possibility 

to implement oeMRI in a clinical routine setting in 

combination with other MRI examinations, such as 

morphologic MRI of the lung, pulmonary high-

resolution MR angiography and contrast-enhanced 

perfusion MRI, or right-heart cardiac MRI. This 

combination of ventilation/diffusion-sensitive 

oeMRI with other techniques enables a further dif-

ferentiation of the underlying cause of an observed 

oeMRI-defect (16, 26). 

In our study we observed a dropout rate of 

21 % of all oeMRI datasets due to a non-diagnostic 

image quality, which agrees well with the dropout 

rate reported by Nakagawa et al. (16). Patients 

were only excluded, if two requirements were ful-

filled: First, the enhancement after oxygen inhala-

tion in all lung areas in all slices had to be extreme-

ly low (i.e. hardly any signal in the qualitative visual 

assessment). Second, after unblinding the refer-

ence imaging data of the V/Q scans, there had to be 

an obvious discrepancy between the defects in the 

corresponding V/Q scintigraphy and the oeMRI 

images. The simultaneous occurrence of these two 

requirements indicates that the decreased oxygen 

enhancement is not disease-related, but rather 

caused by technical issues (e.g., an untight breath-

ing mask) or a patient failure (i.e., low depth of 

inspiration in general). However, the examination 

was considered to be diagnostically adequate de-

spite its overall low enhancement, if only one lung 

area in one slice had shown an almost normal en-

hancement or if the defects in the comparing V/Q 

scintigraphy matched the oeMRI images in terms of 

scale and severity after unblinding. It is difficult to 

decide whether this dropout rate is associated with 

pulse sequence limitations, with the gas supply or 

oxygen mask, with the individually different re-

sponse of different patients to the supplied oxygen, 

or with a low depth of inspiration. Modifications of 

the acquisition technique such as alteration of the 

ECG and/or respiratory triggering might be a way 

to further decrease the dropout rate. In addition, it 

is necessary to advise the patients properly of how 

to breathe correctly and sufficiently for this kind of 

examination. 

The post-processing of oeMRI data used in the 

present study (including motion correction and 

cross-correlation analysis) is technically challeng-

ing, and there is no commercially available post-

processing tool for oeMRI at present. However, 

post-processing with the proposed CCC method 

spares the step of discarding motion-impaired im-

ages and therefore represents a rather quick and 

simple analysis of the complex oeMRI data. To as-

sess the value of oeMRI with the CCC method in 

particular, we chose the number of observed dis-

eased areas as a quantitative parameter for diag-

nostic comparability. The high correlation between 

the number of seen diseased areas in RSE-based 

oeMRI maps and in CCC-based oeMRI maps indi-

cates that there is no substantial difference be-

tween these two methods in terms of visual image 

assessment, and that CCC provides a comparable 

diagnostic accuracy as the standard RSE method. 

Moreover, both post-processing techniques provid-
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ed a significant correlation between the number of 

seen diseased lung areas in oeMRI and the number 

of seen diseased lung areas observed in ventilation 

and perfusion scintigraphy. Taking the observed 

sensitivities and specificities into account, this indi-

cates a moderate diagnostic comparability between 

oeMRI and V/Q scans, with a good sensitivity of 

oeMRI as compared especially with ventilation 

scintigraphy. 

However, the specificities and sensitivities var-

ied a bit depending on the post-processing method 

applied. This point is reflected in the results, where 

the CCC method was superior in its specificity but 

inferior in its sensitivity as compared to results of 

the RSE method when compared to V/Q scintigra-

phy. This is probably due to the fact that there is 

limited experience with the visual interpretation of 

the parameter maps, especially assessing data post-

processed with the CCC method. The visual as-

sessment may also be additionally influenced by 

the fact that images post-processed with the CCC 

method seemed to have a more homogenous visual 

aspect when compared to RSE images (see Fig. 2). 

Further refinements in the post-processing will 

potentially provide additional information about the 

lung function, e.g., wash-in and wash-out time 

courses of oxygen in dynamic examinations. There 

are some studies suggesting that these additional 

dynamic parameters may be useful in evaluating 

the lung function in PH patients (12, 20, 30, 31). 

 

Limitations of the present study include an only 

moderate sample size (n=26 evaluated patients); in 

a disease with various underlying causes such as 

PH it might be necessary to assess a larger patient 

cohort, to substantiate our results. Furthermore, 

our approach of oeMRI is based exclusively on rela-

tive signal changes, which depend on several pa-

rameters such as the underlying intrinsic T1 relaxa-

tion time of lung tissue and the inversion time. Un-

der certain circumstances, reduced local oxygen 

concentration due to ventilation defects might even 

be compensated by disease-related changes in in-

trinsic T1, thus potentially concealing ventilation 

changes in a lung area. An approach to overcome 

this effect is to quantify the T1 relaxation time in 

separate T1 measurements at room air and oxygen 

inhalation (12, 13) however, these time-consuming 

additional acquisitions were beyond the scope of 

our study. 

 

In conclusion, oeMRI has been demonstrated to be 

feasible in PH-patients, yielding a relatively high 

agreement in terms of sensitivity and specificity 

with ventilation scintigraphy, but a somewhat lim-

ited sensitivity compared to perfusion scintigraphy. 

In addition, our study showed that post-processing 

with an improved fast cross-correlation method is 

reliable, and that quantitative parameters provided 

by oeMRI, such as the mean relative signal en-

hancement, may be additional helpful tools in as-

sessing the severity of PH or of other lung diseases.  
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