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Abstract 

In the last twenty years, new imaging techniques to assess atrial function and to predict the risk of recurrence of atrial fibrillation after 

treatment have been developed. The present review deals with the role of these techniques in the detection of structural and functional 

changes of the atrium and diagnosis of atrial remodeling, particularly atrial fibrosis. Echocardiography allows the detection of anatomical, 

functional changes and deformation of the atrial wall during the phases of the cardiac cycle. For this, adequate acquisition of atrial images is 

necessary using speckle tracking imaging and interpretation of the resulting strain and strain rate curves. This allows to predict new-onset 

atrial fibrillation and recurrences. Its main limitations are inter-observer variability, the existence of different software manufacturers, and the 

fact that the software used were originally developed for the evaluation of the ventricular function and are now applied to the atria. Cardiac 

magnetic resonance, using contrast enhancement with gadolinium, plays a key role in the visualization and quantification of atrial fibrosis. 

This is the established method for in vivo visualization of myocardial fibrotic tissue. The non-invasive evaluation of atrial fibrosis is associ-

ated with the risk of recurrence of atrial fibrillation and with electro-anatomical endocardial mapping. We discuss the limitations of these 

techniques, derived from the difficulty of demonstrating the correlation between fibrosis imaging and histology, and poor intra- and inter- 

observer reproducibility. The sources of discordance are described, mainly due to image acquisition and processing, and the challenges ahead 

in an attempt to eliminate differences between operators. 
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1  Introduction 

Atrial fibrillation (AF) is the most common arrhythmia in 
the world, occurring in more than 2% of the general popula-
tion. AF is the main cause of cardioembolic stroke and its 
frequency is expected to increase due to population aging, 
since its prevalence increases with age.[1,2] The pathophysi-
ology of arrhythmia is not fully understood, but animal and 
human experimental models have shown multiple pathways 
of disease that may favor the formation and propagation of 
an abnormal impulse. In the last 20 years, new imaging 
techniques have emerged to evaluate atrial function and to 
predict the risk of AF recurrence after treatment. Echocar-
diography and cardiac magnetic resonance imaging (CMRI) 
have been adapted specifically for the management of  

                                                        
Correspondence to: Juan Lacalzada-Almeida, MD, PhD, Cardiac Imaging 

Laboratory, Department of Cardiology, Hospital Universitario de Canarias, 

Ofra s/n, La Cuesta, 38320 La Laguna, Tenerife, Spain.  

E-mail: jlacalzada@gmail.com 

Telephone: +34-922-678450 Fax: +34-922-677190 

Received: January 25, 2017 Revised: March 10, 2017 

Accepted: March 17, 2017 Published online: March 28, 2017 

patients with this arrhythmia. The present review summarizes 
the role of cardiac imaging in the diagnosis of atrial remo-
deling, especially atrial fibrosis, by comparing imaging techni-
ques that can detect changes in atrial structure and function. 

The atrial myopathy hypothesis proposes that atrial fi-
brosis increases the risk of thromboembolism independently 
of atrial rhythm,[3] and can be visualized and quantified with 
delayed contrast enhancement (DCE) in CMRI, but may 
manifest as atrial growth, decreased atrial systolic function, 
and the daily burden of AF, all of which have been associ-
ated with stroke.[4]  

Several studies have shown that prolonged AF episodes 
are accompanied by tachycardia-inducing atrial myo-
pathy.[5,6] In patients with AF and concomitant predisposing 
conditions, histopathological atrial myopathy is character-
ized by the following findings: fibroblast activation, in-
creased connective tissue and varying degrees of interstitial 
fibrosis, with more or less marked loss of sarcomeres, ac-
cumulation of glycogen in the atrial cardiomyocytes,[7] atrial  
fat infiltration, inflammatory infiltrates, myocyte hypertro-
phy, necrosis and amyloidosis.[8] These changes are be-
lieved to be the product of a complex interaction between 
external stressors such as aging, cardiac structural disease, 
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stretching of the atrial wall (as occurs in hypertensive pa-
tients, possibly in diabetics, patients with heart failure or 
mitral valvulopathy), electrical alterations, endothelial dys-
function, atrial inflammation, neurohormonal alterations,[4] 
and genetic predisposition. Increased expression of the 
angiotensin converting enzyme and increased amounts of 
extracellular signal-regulated kinases (Erk1/Erk2) in atrial 
tissue have been demonstrated in humans with AF.[9] All 
this, but also the AF itself, induces a slow but progressive 
process of structural remodeling in the atrium.[10] Structural 
remodeling results in an electrical dissociation between 
muscle bundles, with heterogeneous local conduction, fa-
voring reentry and perpetuation of the arrhythmia.[11] In 
many patients, structural remodeling occurs before AF and 
functional and structural changes in the atrial myocardium 
and blood stasis cause a pro-thrombotic environment.[12] 
Finally, the term atrial fibrotic cardiomyopathy describes a 
specific, primary form of bi-atrial pathology, characterized 
by extensive fibrosis as the underlying substrate of atrial 
arrhythmia and thromboembolism.[13,14] 

2  Echocardiography 

2.1  Atrial function 

The left atrium (LA) acts as a reservoir, receiving blood 
from the pulmonary veins during left ventricular (LV) sys-
tole; as a conduit, passively transferring blood to the LV 
during early diastole; and it has a pump function, actively 
driving blood to the LV in late diastole.[15] In normal sub-
jects, the reservoir, conduit and pump phases of LA contrib-
ute 40%, 35%, and 25% to stroke volume, respectively. 
Tissue Doppler imaging (TDI) was the first echocardio-
graphic technique to assess atrial function; however it is 
limited by low reproducibility, is angle dependent and there 
are artifacts in the signal. TDI is largely independent of 
translational effects due to the adjacent myocardial seg-
ments. Speckle tracking echocardiography (STE) using 
two-dimensional echocardiography (2DE) may overcome 
these limitations.[15–17] STE is a non-Doppler method that 
allows objective quantification of atrial deformation derived 
from standard 2DE images, and the strain (ε) and longitudi-
nal strain rate (SR) of LA segments can be analyzed by 
evaluation of the deformation of an object in relation to its 
original length. 

2.2  Acquisition and interpretation of STE images 

The acquisition of images should be standardized using 
the zoom, defining the optimal frame rate and a standard-
ized reference point (Figure 1). Thus, if the reference point 

is the R wave[18] or the P waveform of the ECG,[19] the val-
ues of ε can vary by as much as 50%. The use of the P wave 
as a reference point is not applicable to patients with atrial 
arrhythmia. The longitudinal deformation of LA is an ex-
cellent parameter for assessing its function under different 
conditions, as has recently been noted by a committee of 
experts,[14] especially in the reservoir phase of LA, when 
peak elongation or maximum compliance of LA occurs, 
which is represented by a positive increased value of ε or 
SR in normal subjects but decreased in AF patients with 
atrial fibrosis. 2DE STE is an angle-independent technique 
that allows analyzing ε and SR in 94% of normal subjects.[20] 
With this definition, ε is a dimensionless relationship and is 
expressed as a percentage, while SR represents the rate at 
which myocardial deformation (expressed as S-1) occurs. In 
sinus rhythm, STE can identify a positive peak ε corre-
sponding to the reservoir phase during LV systole (Figure 2, 
yellow arrow), directly related to LA compliance, and a 
negative peak related with atrial contraction or atrial pump 
function (Figure 2, pink arrow). SR during diastole of LV 
identifies two negative peaks, the first corresponds to the 
early passive filling of LV (Figure 3, red arrow) and the 
second to the LA pump function (Figure 3, green arrow). In 
AF, effective atrial contraction is interrupted. As a conse-
quence a loss of atrial pump function occurs, and one of the 
two negative peaks of SR curves disappears (Figure 4, blue 
arrow). In addition, the reduction of atrial compliance due to 
atrial fibrosis causes a worsening of the reservoir function 
that is detected even before atrial dilatation occurs, and re-
duced ε is observed during this phase (Figure 5, orange 
arrow).  

 

Figure 1.  Two-dimensional transthoracic echocardiography 
with speckle tracking imaging. 
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Figure 2.  Transthoracic echocardiography in the four-chamber 
view showing global left atrial longitudinal strain in a nor-
mal subject. In sinus rhythm, a positive peak of strain corre-
sponding to the reservoir phase (yellow arrow) and a negative one 
related to atrial contraction or pump function (pink arrow) are 
identified. 

 

Figure 3.  Transthoracic echocardiography in the four-chamber 
view showing global left atrial longitudinal strain in a normal 
subject. The strain rate during diastole of the left ventricle identi-
fies two negative peaks; the first corresponds to early passive fill-
ing (red arrow) and the second to the pump function of the left 
atrium (green arrow). 

2.3  Clinical applications 

The heterogeneity of atrial ε is a reflection of atrial wall 
fibrosis, as suggested by the greater temporal and spatial 
dispersion of the local ε and SR curve in patients with AF 
compared to those in sinus rhythm (Figures 2–5).[2,16,21]  

 

Figure 4.  Transthoracic echocardiography in the four-chamber 
view showing global left atrial longitudinal strain rate. In the 
presence of atrial fibrillation, one of the two negative peaks of the 
strain rate curve disappears (blue arrow). 

 

Figure 5.  Transthoracic echocardiography in the four-chamber 
view showing global left atrial longitudinal strain in a patient 
with permanent atrial fibrillation. The reduction of atrial com-
pliance causes a deterioration of the reservoir function, with a re-
duction of strain (orange arrow). 

This electrical dispersion, due to disruption of conduction 
pathways and greater electromechanical atrial coupling, 
with greater inter- and intra-atrial delay measured with TDI, 
and greater P wave dispersion, are known to be electro-
physiological characteristics of tendency of the atrium to 
fibrillation.[15] In a study of 61 patients with paroxysmal AF 
who underwent radiofrequency ablation (RFA) and 2DE 
with STE on the day prior to that procedure, LA volumes 
were calculated; the authors determined longitudinal peak ε 
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during the LA contraction phase in 18 segments and the 
duration of the contraction measured from the peak of the 
ECG P wave to the maximum atrial systolic shortening. The 
standard deviation of the contraction duration in the 18 
segments was defined as mechanical dispersion of LA. The 
conclusions of the study were that LA mechanical disper-
sion was more pronounced and the deformation was lower 
in patients with paroxysmal AF than in those who main-
tained sinus rhythm after RFA and in healthy controls, al-
though ε was reduced in the two groups undergoing RFA 
compared to the healthy subjects. The structure and function 
of LV was normal and LA was normal or slightly increased 
in patients undergoing RFA. LA mechanical dispersion was 
a potent predictor of AF recurrence after RFA.[22] Another 
similar study involving 100 patients undergoing catheter 
ablation for AF sought to determine predictive factors of AF 
recurrence. Half the sample was in sinus rhythm at the time 
of performing transthoracic echocardiography (TTE) while 
the other half presented AF. The patients with most recur-
rence of AF were those with lower global and total lateral 
basal LA ε and higher maximum LA volume index com-
pared to those in sinus rhythm. The independent predictors 
of AF recurrence in both groups were lower total lateral 
basal LA ε, and greater maximum LA volume index in the 
AF group at the time of TTE.[23] 

Kuppahally et al.,[24] in 65 patients referred for TTE due 
to symptomatic AF, demonstrated an inverse correlation on 
univariate analysis between the greater extension of en-
hancement in LA with DCE-CMRI and lower ε during the 
reservoir phase in the midseptal and midlateral LA. Multi-
variate analysis showed that the relationship between higher 
degree of fibrosis and lower midlateral SR in LA was inde-
pendent of other variables studied. After dividing the patient 
sample according to the duration of AF, in paroxysmal and 
persistent, the amount of atrial fibrosis and the concordant ε 
reduction was significantly higher in patients with chronic 
AF than in those with paroxysmal AF. The midseptal area is 
probably not the area to be measured by the ε of LA when 
compared to the midlateral, since this region is thinner and 
because of the presence of the oval fossa or septal aneu-
rysms.[14] 

Recently, analysis of LA with STE in patients with se-
vere mitral regurgitation who underwent surgery of this 
valve showed a greater reduction of the peak of atrial longi-
tudinal ε according to the greater the degree of fibrosis of 
the LA wall. Fibrosis in this case was determined histologi-
cally by intraoperative LA biopsy (Figure 6). In addition, 
statistical analysis showed a close negative relationship be-
tween the peak of global atrial longitudinal ε measured with 
STE and atrial fibrosis, but this fibrosis showed poor corre-

lation with other parameters of atrial function such as left 
atrial volume index, atrial ejection fraction and E/e’ ratio. In 
addition, among all these parameters, overall longitudinal 
atrial peak ε showed the best diagnostic accuracy to detect 
LA fibrosis, with an area under the curve of 0.89.[17] This 
study demonstrated that new atrial function parameters 
based on STE are more sensitive than traditional echocar-
diographic parameters of LA size and function for the de-
tection of atrial fibrosis. It is well known that AF patients 
undergoing cardioversion who maintain sinus rhythm have 
smaller LA than those who show a recurrence of AF.[25] 
However, it is also known that structural changes are late 
markers of disease. Consequently, today we attempt to de-
tect functional remodeling before anatomical alterations. 
The detection of reduced ε and SR, and atrial fibrosis, 
mainly during the reservoir phase of the cardiac cycle, may 
play a relevant role in the management of patients with AF. 
Thus, for example, Di Salvo, et al.[26] have proven that ε and 
SR in the reservoir phase constitute a sensitive marker of 
arrhythmia recurrence in patients with isolated AF under-
going electrical cardioversion, along with a decrease in atrial 
appendage flow velocity on transesophageal echocardi-
ography. However, multivariate analysis showed that ε and 
SR had independent predictive value for recurrence of arr-
hythmia.[26] Other investigators also prospectively assessed 
the ability of LA 2DE and STE to predict new non-valvular 
AF in a prospective study of 580 patients followed for 28 
months. Thirty-two had AF; these patients had lower LA 
active ejection fraction, lower SR during LA contraction 
and increased LA volume. Multivariate analysis showed 
that the independent predictors of new AF were reduced 
active ejection fraction of the LA assessed by STE and the 
peak of SR in the maximum LA contraction. All this sug-
gests a strong relationship between functional remodeling of 
LA and AF rather than between LA size and AF.[21] 

 

Figure 6.  Correlation between global peak atrial longitudinal 
strain and left atrial fibrosis. 
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In the clinical management of patients with AF and given 
the close relationship between morphology and function, 
reduced atrial deformation during the atrial reservoir phase 
of the cardiac cycle may be a non-invasive and early marker 
of the amount of fibrosis in the atrial wall. In addition, ε 
during the reservoir phase of peri-procedural LA promises 
to be a predictor of successful ablation of AF,[22,23] allowing 
patient stratification based on the likelihood of maintaining 
sinus rhythm after the procedure. This same risk stratifica-
tion of AF in the general population could allow a closer 
follow-up of the possibility of arrhythmias, as well as pre-
ventive antiarrhythmic treatment and anticoagulation.[21] 

2.4  Limitations 

Variability between the different authors regarding cut- 
off values of global LA ε determined by STE mean that 
there is no recommended cut-off value for use in research or 
routine practice.[17,2123,26] In addition, different manufac-
turers employ different STE algorithms, and STE software 
was originally developed for ventricular function assess-
ment and used to study atrial function without further vali-
dation studies. Differences in these techniques probably 
result in variable values of ε and SR in normal subjects and 
in patients. The thinness of the atrial wall is a challenge for 
the correct assessment of deformity by STE. Standardiza-
tion of STE among manufacturers is necessary to correctly 
assess and compare LA function using STE.[27] 

3  Cardiac MRI 
As previously indicated, histological studies have shown 

proliferation of myofibroblasts and varying levels of colla-
gen deposition in the atrial myocardium of patients with 
AF.[3,28] Fibrosis of LA tissue is associated with anisotropy, 
reduction in myocardial voltage and decreased effective 
refractory period, all of which are considered a substrate 
that perpetuates AF.[29] Atrial fibrosis can be visualized and 
quantified with DCE-CMRI, which plays a major role in the 
diagnosis of many cardiac diseases. DCE is strongly related 
to high CHADS2 scores and history of stroke.[30] However, 
the costs, experience and advanced techniques involved 
could limit its use to a few specialized centers. 

3.1  DCE-CMRI techniques for the detection of atrial 
fibrosis 

DCE allows visualization of the alteration in gadolinium 
washout in relation to the normal surrounding tissue, which 
reflects increased fibrosis or tissue remodeling of the myo-
cardium. The damaged myocardium appears as a hyper-
intense area, while the normal area is hypointense or nulled 
(Figure 7). This is the established method for in vivo visu- 

alization of myocardial fibrotic tissue in the ventricles.[31] 
The two main steps to analyze atrial fibrosis in CMRI are 
segmentation of the anatomical structures of the atrial 
myocardium and the detection of areas of fibrosis within the 
atrial wall. Atrial segmentation is performed manually, 
consuming an important part of the analysis time. This 
segmentation comprises precise 2D slices of the walls of the 
endocardium and epicardium to delimit the region of inter-
est to the LA wall alone, avoiding blood and other anatomi-
cal structures such as the aortic ring. The inclusion of fat 
structures or external tissues in the myocardial segmentation 
may lead to their misclassification as fibrosis scars. In addi-
tion, leaving part of the myocardium out of the segmenta-
tion, areas of fibrosis are not detected. When the atrial 
myocardium is adequately delimited, fibrotic tissue is 
detected visually, automatically or semi-automatically, by 
threshold techniques. These consist of applying a cut-off 
value to the image to distinguish the viable myocardium 
from that which is non-viable, based on signal strength in-
tensity. Visual assessment is based on image inspection and 
manually plotting a non-viable myocardial contour. The 
gold standard is DCE-CMRI to evaluate ventricular scars in 
the absence of histological validation,[32] and is currently 
used as a reference technique to test the difference between 
semi-automatic and automatic algorithms. CMRI resolution 
is not as accurate at detecting scar in the thin atrial wall. 
However, several authors have published work using this  

 

Figure 7.  Typical contrast-enhanced image obtained by car-
diac magnetic resonance imaging in a patient. Hyper-enhance-
ment is present (arrow) in coronary-perfusion territory-left anterior 
descending coronary artery, with a range of transmural involvement. 
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approach.[33,34] Despite the subjectivity and non-reproduci-
bility of DCE-CMRI results in visual evaluation, it has been 
used in large studies to evaluate and locate LA scar after 
ablation.[33] 

3.2  Clinical applications 

The first studies that used CMRI for atrial assessment 
focused on the measurement of volumes in patients with 
permanent or persistent AF, before and after electrical car-
dioversion,[35] comparing these volumes with those found 
using multidetector tomography of 320 slices and TTE. 
Over time it was also used in the atria to detect fibrosis, just 
as had previously been done for the ventricles, although in 
the atria some of the difficulties are the thinness of the wall 
(1–2 mm), the limited resolution and the unpredictable 
shape of the LA wall. Fibrotic changes are visible as thin 
areas of late enhancement along the atrial wall (Figure 8). 
The main clinical application is the evaluation of non-inva-
sive atrial fibrosis and to predict the risk of AF recurrence 
after RFA. A large amount of fibrosis, and thus DCE in the 
ablation zone, represents a more complete isolation of the 
focus of AF and fewer recurrences of the arrhythmia.[33] It 
has also been shown that the amount of pre-ablation fibrosis 
is strongly related to the recurrence of AF after isolation of 
the pulmonary veins, as well as to a higher degree of DCE, 
and therefore fibrosis around the pulmonary veins before 
ablation, increased risk of recurrence after it.[36] A better 
understanding of the impact of fibrosis on atrial electrical 
activity would allow the identification of new ablation tar-
gets in persistent AF, with several studies investigating the 
relationship between DCE-CMRI and endocardial mapp-
ing,[33,36] all of which reported a strong spatial agreement 
between the DCE-CMRI and the low-voltage regions in the 

electro-anatomical maps. These data have been confirmed 
by Mahnkopf, et al.,[37] who evaluated LA fibrosis prior to 
catheter ablation by DCE-CMRI in patients with isolated 
AF compared to others with comorbidities, establishing a 
classification known as that of Utah (Table 1), which is 
based on the degree of atrial fibrosis as a marker of struc-
tural remodeling. It is classified in four stages as the degree 
of atrial fibrosis increases. The distribution of Utah degrees 
from I to IV was similar in patients with and without iso-
lated AF, but the most important finding was that success in 
AF ablation decreased as Utah grade increased, and there-
fore atrial fibrosis. These findings show how the Utah clas-
sification, integrated with LA ε determined by 2DE STE, 
could help in clinical practice by providing an approach 
better adapted to the arrhythmia of the patient and to know a 
priori the degree of success in suppressing AF, regardless of 
associated or non-associated comorbidity (Figure 9). 

The relationship between atrial fibrosis and DCE-CMRI 
and high-density atrial mapping ECG in patients with per-
sistent AF has also been studied. The authors categorized 
atrial tissue as dense areas of DCE, patchy areas of DCE 
and areas without DCE (normal areas), and found an inverse 
relation between atrial fibrosis and more complex fragmen-
tation of the atrial ECG in the unequal and normal areas of 
DCE, and more organized in the dense areas of DCE. 
These results could have an impact on the ablation stra-
tegy.[38] Regarding the potential role of post-ablation DCE- 
CMRI, some authors indicate that it is still not accurate 
enough to reliably assess the distribution of lesions after 
ablation.[39] 

In a study of 344 patients before undergoing pulmonary 
vein ablation for AF, DCE-CMRI were performed in an 
attempt to predict how many of these patients manifested  

 

Figure 8.  Ischemic cardiomyopathy and atrial fibrillation. Left atrial dilation with late contrast uptake, visible as thin areas along the 
left atrial wall, in relation to atrial fibrosis (arrow). 
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Table 1.  Classification Utah, which divides patients into four 
groups according to degree of fibrosis. 

Utah grade LA wall DCE Successful ablation (%) AF recurrence (%)

Utah I ≤ 5% 100% 0 

Utah II 5% to ≤ 20% 81.8% 28% 

Utah III 20% to ≤ 35% 62.5% 35% 

Utah IV > 35% 0 56% 

AF: atrial fibrillation; DCE: delayed contrast enhancement; LA: left atrial. 

 

Figure 9.  The black triangle represents the degree of atrial 
fibrosis according to the Utah classification. The left triangle 
represents the degree of atrial fibrosis according to the Utah classi-
fication. The middle triangle represents atrial longitudinal strain 
and the right one represents the frequency of atrial fibrillation. 

paroxysmal AF in the context of sinus node disease, and 
therefore would probably require pacemaker implantation 
for sinus pauses or symptomatic sinus bradycardia, since the 
underlying process is believed to be atrial fibrosis. Mean 
patient age was 65 ± 12 years and mean left atrial fibrosis 
was 16.7% ± 11.1%. Patients were grouped according to 
Utah classification. At follow-up, 22 of them (with a mean 
atrial fibrosis of 23.9%) required pacemaker implantation. 
Both univariate and multivariate analyzes identified the 
stage of LA fibrosis (OR = 2.2) as an independent predictor 
of pacemaker implantation with an area under the curve of 
0.704. The conclusion was that the existence of significant 
atrial fibrosis in these patients, determined using DCE- 
CMRI, is associated with significant sinus node dysfunction, 
requiring pacemaker implantation.[40] 

Ravanelli, et al.,[41] presented the results of a new tool for 
3D segmentation of LA, allowing quantification and visu-
alization of LA fibrosis, based on DCE-CMRI. This allows 
stratifying patients with AF who would be candidates for 
RFA. They studied ten consecutive patients with AF and 
different degrees of atrial fibrosis, quantified using DCE- 
CMRI and magnetic resonance angiography and compared 
the results with the quantification and measurement of 3-D 
bipolar voltage maps using an electro-anatomic mapping 
system, which is the standard clinical reference for charac-
terizing the atrial substrate. The discrepancy between the 
CMRI technique and electro-anatomical mapping was less 
than 4% for the detection of atrial fibrosis and the LA-fi-

brosis images in 3-D proved reliable and accurate. This 
non-invasive method is a clinical alternative to electro- 
anatomical mapping for the quantification and localization 
of atrial fibrosis, so the selection of RFA candidates would 
reduce AF recurrence, the costs and risks of invasive pro-
cedures and especially exclude candidates who would not 
benefit from cardiac ablation.[41] 

Recently, a T1 mapping technique based on quantifica-
tion of the extracellular volume fraction of LA has been 
proposed. The relaxation time T1 in the posterior wall of 
LA is shorter in patients with AF than in controls, suggest-
ing that this value might be a surrogate for the degree of 
loading of LA interstitial fibrosis. However, these prelimi-
nary results need to be confirmed, taking into account the 
limitations of T1 mapping techniques in terms of accuracy 
and reproducibility.[42] In addition, T1 mapping does not 
provide a localization of fibrosis and is therefore not suit-
able for guiding RFA procedures or recognizing gaps. To 
detect focal fibrosis such as that produced by RFA, DCE is 
the most promising tool, if used correctly.[1] 

3.3  Limitations 

The ability of DCE-CMRI to detect atrial fibrosis is con-
troversial, because it should be performed with histological 
analysis, which is difficult in humans, only being performed 
in localized areas. Therefore, most studies compare the re-
sults of DCE-CMRI with those of voltage maps, taken as a 
surrogate for histological study. This is affected by various 
variables such as the contact force, the orientation of the 
mapping catheter and tip size, as well as the number of re-
corded voltage points. Another important and problematic 
point is the cut-off of the voltage that must be established to 
define atrial scar, which is controversial.[1] The main limita-
tion for clinical application of fibrosis assessment methods 
is poor intra- and inter-observer reproducibility. Thus, the 
prevalence of basal DCE in patients referred for a first AF 
ablation varies between 8.7% with slight enhancement to 
47% with moderate enhancement.[36,43] Also, not all studies 
that detect post-ablation scar were able to detect gaps. Some 
authors observed electrophysiological-CMRI concordance 
of up to 94% using a 3 T fixed pixel based scanner,[44] while 
others with a 1.5 T scanner and visual assessment of the scar 
found no relation between the scar and the sites of recon-
nection of the pulmonary veins.[34] However, with the same 
1.5 T equipment and image processing using computational 
methods, good visualization of gap lesions has been de-
scribed, which correlated well with the recovery of local 
electrograms or electrical conduction in the pulmonary 
veins.[45] Kuppahally et al.,[46] as previously indicated, found 
no difference in the number of patients with paroxysmal and 
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persistent AF when classified as having mild and moderate- 
severe LA structural remodeling. However, in the DECAAF 
study,[47] the number of patients with paroxysmal AF was 
surprisingly higher in the group with the greatest extent of 
fibrosis. The lack of standardized image acquisition proto-
cols for CRMI can affect the reproducibility of the results of 
different operators and the comparison between patients, 
altering the accuracy of the analysis. In CRMI, image proc-
essing is even less standardized than image acquisition. 
Visual evaluation is highly operator-dependent and in-
ter-observer variability is high, especially in the identifica-
tion of non-homogeneous patchy or grey areas of DCE, or 
in the detection of small reconnections between gaps. Some 
of these computational techniques are based on a variable 
(from 2 to 4 SD above the intensity of the reference pixel) 
and on slice-by-slice thresholds, and are based on the 
opinion of an expert regarding the choice of an appropri-
ate value.[43,47] This makes the methods subjective and 
prone to user variability. Numerous sources of discor-
dance can be found in image acquisition and processing, 
with several challenges pending in an attempt to achieve a 
more consistent analysis, eliminating differences between 
different operators. With new software, technological ad-
vances, and improved CMRI resolution, it is likely that im-
ages will be processed more accurately with automatic 
methods. Until then, and to obtain reliable and clinically 
applicable results, the use of standardized protocols is nec-
essary to ensure uniformity in the acquisition and processing 
of images.[1] 
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