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ORIGINAL RESEARCH

Atrial remodeling is associated with cardiac dysfunction, 
increased morbidity, and mortality (1). It is character-

ized by structural, electrophysiologic, and mechanical 
alterations of the atrial myocardial tissue (2). Structural 
atrial remodeling is characterized by fibrosis and dilata-
tion. Histopathologic validation is considered the reference 
standard for assessing atrial fibrosis, but acquiring human 
cardiac tissue is often impossible. Assessment of low volt-
age areas (LVA) with electroanatomic mapping (EAM) is 
accepted as a surrogate parameter (3). However, EAM is 
performed during invasive electrophysiologic (EP) studies 
and cannot be used as a routine diagnostic tool. Alterna-
tively, late gadolinium enhancement (LGE) cardiac MRI 
can be used to noninvasively assess areas with increased ex-
tracellular matrix, the hallmark of atrial fibrosis. Previous 
studies showed that the degree of atrial fibrosis estimated 
with LGE cardiac MRI among patients with atrial fibril-
lation (AF) who undergo ablation was independently as-
sociated with arrhythmia recurrence (4–8) and stroke risk 
(9,10). Study results on the accuracy of using LGE cardiac 

MRI to identify gaps in ablation lines and to guide repeat-
ed ablation procedures are conflicting (11–16). A recent 
randomized controlled trial, the Delayed-Enhancement 
MRI Determinant of Successful Radiofrequency Cath-
eter Ablation of Atrial Fibrillation (ie, DECAAF) II trial, 
showed that targeting areas of LGE for ablation in addition 
to pulmonary vein isolation was only superior in patients 
in whom less than 20% of the total left atrium (LA) was 
fibrotic (17).

When LGE cardiac MRI is used as the index test to 
identify atrial fibrosis, it should be noted that hyperen-
hancement at LGE cardiac MRI is not equivalent to fibro-
sis. It is merely a reflection of tissue characteristics (short-
ening of T1 relaxation time) resulting from focal contrast 
material accumulation and washout properties. LGE areas 
reflect focally increased extracellular space, which is a hall-
mark of replacement fibrosis, as well as necrosis, inflamma-
tion, and edema (18). It is yet impossible to differentiate 
between LGE caused by replacement fibrosis, iatrogenic 
scar, physiologic extracellular matrix, or interference with 
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Purpose: To provide an overview of existing literature on the association between late gadolinium enhancement (LGE) cardiac MRI 
and low voltage areas (LVA) obtained with electroanatomic mapping (EAM) or histopathology when assessing atrial fibrosis.

Materials and Methods: A systematic literature search was conducted in the PubMed, Embase, and Cochrane Library databases to identify 
all studies published until June 7, 2022, comparing LGE cardiac MRI to LVA EAM and/or histopathology for evaluation of atrial fi-
brosis. The study protocol was registered at PROSPERO (registration no. CRD42022338243). Two reviewers independently evaluated 
the studies for inclusion. Risk of bias and applicability for each included study were assessed using Quality Assessment of Diagnostic 
Accuracy Studies–2 (QUADAS-2) criteria. Data regarding demographics, electrophysiology, LGE cardiac MRI, and study outcomes 
were extracted.

Results: The search yielded 1048 total results, of which 22 studies were included. Nineteen of the 22 included studies reported a 
significant correlation between high signal intensity at LGE cardiac MRI and LVA EAM or histopathology. However, there was great 
heterogeneity between included studies regarding study design, patient samples, cardiac MRI performance and postprocessing, and 
EAM performance.

Conclusion: Current literature suggests a correlation between LGE cardiac MRI and LVA EAM or histopathology when evaluating atrial 
fibrosis but high heterogeneity between studies, demonstrating the need for uniform choices regarding cardiac MRI and EAM acquisi-
tion in future studies.
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bases to identify all studies published until June 7, 2022. 
The following search terms were used with their respective 
synonyms: “atrial fibrosis” (ie, target condition), “late gado-
linium enhancement magnetic resonance imaging” (ie, index 
test), and “electro-anatomic mapping or voltage mapping” 
(ie, reference standard). The extensive search string is pre-
sented in Appendix E1 (supplement).

Eligibility Criteria
Inclusion criteria were clinical studies in which: (a) an EP 
study was performed, including bipolar voltage measure-
ment; (b) LGE cardiac MRI was performed prior to the EP 
study, with the rationale that in clinical practice, the EP 
study is directly followed by the ablation procedure; hence, 
LGE cardiac MRI after ablation will also include postabla-
tion scarring and affect the results; and (c) the correlation 
between LGE cardiac MRI and histopathology or bipolar 
voltage mapping was evaluated. Exclusion criteria were as 
follows: (a) studies for which no English full-text article was 
available, (b) case reports, and (c) different determinants, 
for example, cardiac MRI with T1 mapping instead of LGE. 
Two readers (G.P.B., with 13 years of experience as a physi-
cian specializing in cardiology; H.M.J.M.N., with 6 years of 
experience as a physician specializing in radiology research) 
independently performed the search and assessed the stud-
ies for eligibility. The reference lists of all potential eligible 
studies were screened for additional relevant studies. Dis-
agreement on study inclusion between the two readers was 
solved by consensus.

Data Extraction and Quality Assessment
A predefined data extraction form was used to record details 
from the included studies as stated in Appendix E1 (supple-
ment). The methodological quality of each included study 
was assessed using the Quality Assessment of Diagnostic Ac-
curacy Studies–2 (QUADAS‐2) (19). This checklist assesses 
the risk of bias and the clinical applicability of studies based 
on different domains. The rating criteria for risk of bias and 
study-specific signaling questions are provided in Appendix 
E2 (supplement). Studies using LGE cardiac MRI as the 
reference standard were considered as having a high risk of 
bias (−2, ie, downgraded two steps), and studies with volt-
age mapping as the reference standard were also downrated 
(−1, ie, downgraded one step) in this domain, as histopathol-
ogy is the reference standard to assess the target condition. 
Both data extraction and quality assessment were performed 
independently by two readers (G.P.B. and H.M.J.M.N., see 
above). The corresponding authors of all included studies 
were contacted to request additional diagnostic indexes (sen-
sitivity and specificity) that could not be retrieved from the 
publication. Any disagreement between the two readers was 
solved by consensus using a third independent reader (C.M., 
with 13 years of experience as a physician and researcher in 
radiology). The heterogeneity in patient samples, cardiac 
MRI, and EP parameters observed between the included 
studies precluded us from merging data in a meta-analysis.

adjacent hyperenhanced structures, such as epicardial fat. This 
is more important when imaging the atria compared with the 
ventricles, as the thin atrial walls require high resolution while 
maintaining sufficient signal-to-noise ratio and are more prone 
to partial volume effects. Studies combining high-resolution 
three-dimensional (3D) LGE cardiac MRI and high-quality 
LVA EAM with homogeneous research strategies are necessary 
to define the complementary role of both techniques and de-
fine thresholds for LGE cardiac MRI validated to LVA EAM. Of 
importance, LVA EAM is not the reference standard for atrial 
fibrosis, merely the best surrogate. Cross-validation between di-
agnostic tests will create bias as both methods may lack the sensi-
tivity to detect early stages of the disease. This systematic review 
summarizes the available data on the association between LGE 
cardiac MRI and LVA obtained with EAM or histopathology 
for the assessment of atrial fibrosis to evaluate their diagnostic 
value and provide practical considerations for future clinical and 
scientific applications.

Materials and Methods
This systematic review was exempt from review by our institu-
tional review board and was performed in accordance with the 
Preferred Reporting Items for Systematic Review and Meta-Anal-
ysis of Diagnostic Test Accuracy Studies (PRISMA-DTA) criteria. 
The study protocol was registered in the PROSPERO online da-
tabase of systematic reviews (registration no. CRD42022338243).

Literature Search
A comprehensive literature search was performed in the 
PubMed, Embase, and Cochrane Library electronic data-

Abbreviations
AF = atrial fibrillation, EAM = electroanatomic mapping, EP 
= electrophysiologic, LA = left atrium, LGE = late gadolinium 
enhancement, LVA = low voltage areas, PRISMA-DTA = Preferred 
Reporting Items for Systematic Review and Meta-Analysis of Di-
agnostic Test Accuracy Studies, QUADAS-2 = Quality Assessment 
of Diagnostic Accuracy Studies–2, SI = signal intensity, SR = sinus 
rhythm, 3D = three-dimensional

Summary
Current studies suggest a correlation between high signal intensity at 
late gadolinium enhancement cardiac MRI and low voltage areas at 
electroanatomic mapping when assessing atrial fibrosis.

Key Points
 n In a systematic review of 22 studies (567 patients) assessing atrial 

fibrosis, 19 found a significant correlation between high signal 
intensity at late gadolinium enhancement cardiac MRI and low 
voltage areas at electroanatomic mapping.

 n The Quality Assessment of Diagnostic Accuracy Studies–2 assess-
ment showed concerns for included studies regarding the risk of 
bias and applicability in all domains.

 n There was large heterogeneity between included studies, hamper-
ing the interpretation and extrapolation of study results; thus, uni-
form choices at cardiac MRI and voltage mapping performance, 
postprocessing, and alignment are crucial.

Keywords
Cardiac, MR Imaging, Left Atrium
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ablation history; (b) index test, due to a subjective method of 
cardiac MRI performance and thresholding; and (c) reference 
test, due to the lack of histopathologic proof of atrial fibrosis in 
all but one study (30). Because EAM is currently considered the 
best surrogate marker for fibrosis, the five studies using LGE car-
diac MRI as reference standard instead of EAM were considered 
an additional concern for applicability (25,26,28,31,33).

Patient Characteristics
Study sample–related parameters are described in Table 1. A 
total of 567 patients were included in these studies. Study 
sample sizes ranged from 10 to 75 patients (median, 19).The 
mean age of the patients was 61 years 6 3 (SD), and by es-
timation, 414 of 567 (73%) patients were men. The study 
population was rather heterogeneous with regard to previ-
ous ablation history. Ten studies (7,20,21,23,25,29–32,35) 
included only patients who had not undergone previous ab-
lation, seven studies (8,22,24,26–28,33) included both pa-
tients who had undergone and those who had not undergone 
previous ablation, and five studies (11,12,15,16,34) included 
only patients who had undergone previous ablation. In most 
studies, AF type was mixed (7,11,12,15,16,20–22,24,26–
28,30,32–34). One study included only patients with par-
oxysmal AF (8), and five studies included only patients with 
persistent AF (23,25,29,31,35).

Results

Literature Search
In the primary literature search, 1048 nonduplicate citations 
were identified from the electronic databases and checked for 
cross-references. Based on title and abstract, 968 studies were 
excluded from further analysis. Of the remaining 80 studies, 
58 studies were excluded as they did not meet the eligibility 
criteria. Therefore, a total of 22 studies were included in this 
systematic review (7,8,11,12,15,16,20–35). Figure 1 shows the 
PRISMA flowchart illustrating the identification process.

Quality Assessment
Results of the quality assessment of the included studies are 
presented in Figures 2 and 3. The QUADAS-2 assessment 
showed concerns regarding risk of bias in all domains, but most 
importantly in the following areas: (a) patient selection, due to 
the lack of information on patient enrollment, high drop-out 
rate, or long interval of inclusion; (b) index test and reference 
test, due to lack of prespecified thresholds or blinding; and (c) 
flow and timing, due to high patient exclusion at the time of 
cardiac MRI, EAM, or both.

The QUADAS-2 assessment also showed concerns for appli-
cability in all domains, but most importantly in the following 
domains: (a) patient selection, due to heterogeneity regarding 

Figure 1: PRISMA flowchart of identification of studies. LGE = late gadolinium enhancement, PA = histopathology, 
PRISMA = Preferred Reporting Items for Systematic Review and Meta-Analysis.
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Figure 2: Graphical display of different domains of the QUADAS-2 checklist for all included studies (n = 22). The x-axis indicates the number of studies, and the y-axis 
indicates the domain. QUADAS-2 = Quality Assessment of Diagnostic Accuracy Studies–2.

Figure 3: Tabular display of the QUADAS-2 results (n = 22). QUADAS-2 = Quality Assessment of Diagnostic Accuracy Studies–2.
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ies (23%; three of 13). Seven studies (8,15,20,21,27,28,33) 
used the SI as a continuous parameter for correlation with 
bipolar voltage. The remaining 15 studies used a cutoff value 
to define atrial fibrosis, with values varying between studies 
from greater than 1 SD to greater than 4 SDs above the mean 
SI of atrial tissue. A tendency toward the use of greater than 
3 or 4 SDs was noted, as used in the initial publication by 
Oakes et al (7). In two studies, the reader could change the 
threshold by 1 SD higher or lower when deemed appropriate 
for that specific case (7,32). The two most recent studies used 
a certain normalized SI threshold, expressed as the image in-
tensity ratio, for fibrosis.

Electrophysiology
EP-related parameters are described in Table 3. The num-
ber of voltage points acquired in each study ranged from 
a mean of 90 (16) to 2566 points (34) per LA. Two recent 
studies acquired voltage maps with a high number of voltage 
points but excluded 90% of these points on the basis of ana-

Cardiac MRI
LGE cardiac MRI sequence parameters are described in Ta-
ble 2. Reconstructed voxel sizes ranged from 0.63 3 0.63 3 
1.25 mm (highest spatial resolution) to 1.25 3 1.25 3 2.5 
mm (lowest spatial resolution). Six studies used a 3-T imager 
(12,20,21,24,34,35), and all other studies used a 1.5-T im-
ager. McGann et al (30) used both 1.5-T and 3-T imagers. 
In eight studies, patients were imaged while in sinus rhythm 
(SR) (8,12,15,21,26,33–35). In five studies, the percentage 
of patients in SR varied from 66% to 90% (7,22,27,30,32), 
and heart rhythm during imaging was not reported in the 
remaining nine studies (11,16,20,23–25,28,29,31). 3D LGE 
cardiac MRI was performed 10–25 minutes after adminis-
tering a gadolinium-based contrast agent with equivalent 
weight-based doses, except for in two studies (8,31) that used 
a fixed contrast material dose per patient regardless of their 
body weight. Signal intensity (SI) of enhanced atrial tissue was 
normalized to the blood pool in most studies published from 
2017 onward (78%; seven of nine), in contrast to earlier stud-

Table 1: Patient Characteristics of Included Studies

Method of 
Correlation Year First Author

Sample Size 
Analyzed* AF Type

Prior 

Ablation 
N (%) Age (y)†

Men 
N (%)

Reference 
Test

Time between 
Cardiac MRI and 
EAM

LA as a 
whole

2009 Oakes (7) 54 (118) Mixed 0 (0) 64 6 12 NA (64) EAM Before
2010 Badger (11) 13 (144) Mixed 13 (100) 63 6 13 NA (71) EAM NA
2015 Sramko (32) 56 (95) Mixed 0 (0) 59 6 8 NA (71) EAM ,1 week
2022 Eichenlaub 

(35)
37 (41) Persistent 0 (0) 66 6 9 NA (84) EAM ,1 day

LA divided 
in regions 
with and 
without 
LGE

2012 Spragg (16) 10 (10) Mixed 10 (100) 56 NA EAM 5 days 6 3
2013 Jadidi (25) 18 (18) Persistent 0 (0) 63 6 7 16 (89) MRI 1–2 days
2014 Bisbal (12) 15 (15) Mixed 15 (100) 57 6 8 12 (80) EAM NA
2014 Casagrande 

(22)
32 (37) Mixed 12 (32) 61 29 (78) EAM 1 week

2014 Kapa (26) 12 (20) Mixed 6 (50) 61 6 9 6 (60) MRI NA
2015 Hwang (24) 33 (42) Mixed 6 (18) 58 6 10 32 (84) EAM Before
2019 Chen (23) 16 (16) Persistent 0 (0) 62 6 12 13 (81) EAM 2 days
2019 Qureshi (31) 14 (20) Persistent 0 (0) 62 6 11 11 (55) MRI Before
2021 Althoff (34) 18 (22) Mixed 18 (100) 57 6 8 17 (77) EAM Median 1.5 days

Point-by-
point cor-
relation

2013 Malcolme-
Lawes (8)

21 (50) Paroxysmal 11 (52) 60 6 13 NA (31) EAM Before

2014 Khurram (27) 75 (75) Mixed 32 (43) 62 6 8 56 (75) EAM Before
2015 Harrison (15) 20 (20) Mixed 20 (100) 59 6 7 17 (85) EAM 2–3 weeks
2017 Benito (20) 15 (30) Mixed 0 (0) 58 6 10 NA (87) EAM ,2 weeks
2018 Zghaib (33) 26 (26) Mixed 17 (65) 63 6 8 19 (73) MRI median 1 day
2019 Lee (29) 20 (20) Persistent 0 (0) 64 NA EAM median 57 days
2020 Kuo (28) 40 (40) Mixed 24 (60) 63 6 9 30 (75) MRI 12 days
2021 Caixal (21) 16 (88) Mixed 0 (0) 63 6 7 5 (29) EAM ,2 weeks

PA 2014 McGann (30) 10 (457) Mixed 0 (0) 64 6 12 NA (64) PA Before

Note.—Except where otherwise noted, data are numbers, with percentages in parentheses. AF = atrial fibrillation, EAM = electroanatomic 
mapping, LA = left atrium, LGE = late gadolinium enhancement, PA = histopathology, NA = not available.
*Data in parentheses are total numbers of participants (including patients who were not used for analysis with LGE and EAM).
†Data are means 6 SDs. Some included studies did not provide the SD for the mean age.
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tomic location and electrical characteristics, resulting in a 
mean of 123 and 253 points per LA for analysis, respectively 
(21,28). Earlier studies used the ablation catheter, consist-
ing of four poles with a diameter of 3.5 mm and interelec-
trode spacing of 2-5-2 mm, to acquire bipolar voltage maps. 
Most studies from 2017 onward used high-density bipolar 

Table 2: Cardiac MRI–related Parameters of Included Studies

Method 
of Cor-
relation Year

First 
Author

Vendor 
and 
Strength

SR 
(%)

Contrast Dose 
(mmol/kg of 
body weight)

Acquired  
Resolution 
(mm)

TI 
(msec)

TR 
(msec)

TE 
(msec)

Flip 
Angle 
(°)

Normal-
ized  
to BP

Cutoff 
Value(s)  
for Fibrosis

LA as a 
whole

2009 Oakes 
(7)

Siemens 
1.5 T

90 0.1 1.25 3 
1.25 3 
2.5

230–
320

6.1 2.4 22 No .2 or .3 
or .4 
SDs*

2010 Badger 
(11)

Siemens 
1.5 T

NA 0.1 1.25 3 
1.25 3 
2.5

270–
310

5.5 2.3 NA No .3 SD

2015 Sramko 
(32)

Siemens 
1.5 T

66 0.2 1.6 3 1.6 
3 3.0

fixed, 
270

4.8 1.5 10 No .2, .3, 
and .4 
SDs and 
FWHM 
and 
expert 
opinion†

2022 Eichen-
laub 
(35)

Siemens 
3 T

100 0.1 1.25 3 
1.25 3 
2.5

NA 3.1 1.4 14 Yes (IIR) .0.74, 
.0.97, 
and 
.1.20 
and Utah 
method†

LA 
divided 
in 
regions 
with 
and 
with-
out 
LGE

2012 Spragg 
(16)

Siemens 
1.5 T

NA 0.2 1.0 3 1.0 
3 1.2

280–
300

2.5 0.97 25 No Visual

2013 Jadidi 
(25)

Siemens 
1.5 T

NA 0.2 0.63 3 
0.63 3 
2.5‡

260–
320

5.4 2.3 22 No .4 SDs

2014 Bisbal 
(12)

Siemens 
3 T

100 0.2 1.25 3 
1.25 3 
2.5

280–
380

2.3 1.4 11 No Scar . 60% 
of max SI

2014 Casa-
grande 
(22)

Siemens 
1.5 T

70 0.1 1.2 3 1.2 
3 1.5

.310 6.3 2.3 22 No Visual

2014 Kapa 
(26)

Siemens 
1.5 T

100 0.2 1.3 3 1.3 
3 1.5

250–
350

700 1.7 NA No .2 SDs

2015 Hwang 
(24)

Philips
3 T

NA 0.2 1.5 3 1.5 
3 1.5

230–
270

4.7 1.4 25 No .2, .3, 
.4, .5, 
and .6 
SDs and 
FWHM†

2019 Chen 
(23)

Siemens 
1.5 T

NA 0.2 1.25 3 
1.25 3 
2.5

260–
320

5.4 2.3 22 No .4 SDs

2019 Qureshi 
(31)

Philips 
1.5 T

NA 20 mL§ 1.5 3 1.5 
3 4.0

NA 3.1 1.0 NA Yes (NLA) .2 SDs

2021 Althoff 
(34)

Siemens 
3 T

100 0.2 1.25 3 
1.25 3 
2.5

280–
380

2.3 1.4 11 Yes (IIR) .1.2

(Table 2 continues)

mapping catheters. Bipolar voltage was measured during SR 
in 11 studies (8,12,15,20,21,24,26,27,29,33,35), during 
AF in three studies (23,25,32), and with a mixed rhythm 
in three studies (7,11,28). In three studies, the rhythm was 
not specified (16,22,34). Qureshi et al (31) performed volt-
age mapping during both SR and AF in each patient. Ten 
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Table 2 (continued): Cardiac MRI–related Parameters of Included Studies

Method 
of Cor-
relation Year

First 
Author

Vendor 
and 
Strength

SR 
(%)

Contrast Dose 
(mmol/kg of 
body weight)

Acquired  
Resolution 
(mm)

TI 
(msec) TR (msec)

TE 
(msec)

Flip 
Angle 
(°)

Normalized 
to BP

Cutoff  
Value(s)  
for Fibrosis

Point-by-
point 
correla-
tion

2013 Mal-
colme-
Lawes 
(8)

Philips 
1.5 T

100 20 mL§ 1.5 3 1.5 
3 4.0

NA 3.1 1.0 NA Yes (NLA) Noǁ

2014 Khurram 
(27)

Siemens 
1.5 T

88 0.2 1.3 3 1.3 
3 2.0

240–
290

3.8 1.52 10 Yes (IIR) Noǁ

2015 Harrison 
(15)

Philips 
1.5 T

100 0.2 1.3 3 1.3 
3 4.0

NA 6.2 3.0 25 Yes (NLA) Noǁ

2017 Benito 
(20)

Siemens 
3 T

NA 0.2 1.25 3 
1.25 3 
2.5

280–
380

2.3 1.4 11 Yes (IIR) Noǁ

2018 Zghaib 
(33)

Siemens 
1.5 T

100 0.2 1.3 3 1.3 
3 2.0

240–
290

3.8 1.52 10 Yes (IIR) Noǁ

2019 Lee (29) Siemens 
1.5 T

NA 0.1 1.25 3 
1.25 3 
2.5

340–
360

NA NA NA Yes (NLA) .1 SD 
and .2 
SD and 
FWHM†

2020 Kuo (28) Siemens 
1.5 T

NA 0.2 1.37 3 
1.37 3 
1.5

310–
350

700–870 1.3–
1.6

NA No Noǁ

2021 Caixal 
(21)

Siemens 
3 T

100 0.2 1.25 3 
1.25 3 
2.5

280–
380

2.3 1.4 11 Yes (IIR) Noǁ

PA 2014 McGann 
(30)

Siemens 
1.5 T 
or 
3 T

67 0.1 1.25 3 
1.25 3 
2.5

NA 3.1 1.4 14 No .2 or .3 
or .4 SD

Note.—BP = blood pool, FWHM = full-width at half-maximum method, IIR = image intensity ratio (SI voxel/mean SI of LA BP), LA 
= left atrium, LGE = late gadolinium enhancement, NA = not available, NLA = normalized LA ([SI voxel − mean SI BP]/SD BP), PA = 
histopathology, SI = signal intensity, SR = sinus rhythm, TE = echo time, TI = inversion time, TR = repetition time.
*Reader could change the threshold by 1 SD higher or lower when deemed appropriate for that specific case. 
†Study analyzed multiple cutoff values for fibrosis. 
‡Reconstructed resolution. 
§Study used a fix dose of contrast material per patient regardless of their body weight. 
ǁAbsolute values used.

studies used bipolar voltage as a continuous parameter for 
correlation with cardiac MRI findings (8,12,15,20,21,25–
28,33). Eleven studies used a cutoff value to categorize the 
data, with lower than 0.5 mV the most common cutoff 
value for fibrotic tissue and lower than 0.1 mV for dense 
scarring (7,11,16,22–24,29,31,32,34,35).

Method of Correlation and Effect Size
Study results are shown in Table 4. Most included stud-
ies found a significant correlation between SI acquired using 
LGE cardiac MRI and bipolar voltage acquired using EAM 
(7,8,11,12,15,16,20–22,24,25,27–30,33,34). Chen et al (23), 
Sramko et al (32), and Eichenlaub et al (35) found no signifi-
cant correlation. Qureshi et al (31) found a significant corre-
lation when voltage mapping was acquired during AF, but not 
during SR. Kuo et al (28) only found a significant correlation 

in patients with previous ablation, and Kapa et al (26) did not 
report an effect size.

Three methods to study the correlation between LGE cardiac 
MRI and EAM were used in the included studies. Four stud-
ies gathered information about global extensiveness of disease by 
comparing the amount (or percentage) of the LA with fibrosis 
at both diagnostic modalities (7,11,32,35). Nine studies gath-
ered information on rough spatial correlation by dividing the 
LA into regions with and without LGE and investigating the 
EP parameters of these regions (12,16,22–26,31,34). In some 
of these studies, only the mean millivolts of the voltage points 
allocated to these regions were compared (12,16,25). Eight stud-
ies gathered information about spatial correlation by point-by-
point matching each cardiac MRI pixel to the closest EAM point 
(8,15,20,21,27–29,33). The accepted radius between “matched” 
points mostly ranged between less than 2 mm and 3 mm, 
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although Kuo et al (28) accepted a radius of 10 mm. Harrison 
et al (15) determined the correlation using a radius of both 2.5 
mm and 5 mm. One study used histopathology as the reference 
standard (30). They obtained LA tissue in patients with surgical 
AF, and the surgeon marked the biopsy location to align it with 
postablation 3D LGE cardiac MRI (30).

Discussion
Current existing literature, presented in this systematic re-
view, suggests a correlation between high SI at LGE cardiac 
MRI and LVA at EAM when assessing the atria. There is large 
heterogeneity between studies regarding study design, patient 
population, and cardiac MR image and LVA acquisition and 
postprocessing.

High-quality cardiac MR image acquisition is crucial for an 
accurate noninvasive assessment of atrial fibrosis. Due to the thin 
atrial wall, a sufficiently high spatial resolution is required while 
maintaining a reasonable signal-to-noise ratio. In some studies, the 

voxel size exceeds the estimated atrial wall thickness (2–4 mm) 
(36), introducing partial volume effects that may lead to misin-
terpretations (8,15,31,32). One should also be aware of MRI arti-
facts caused by the respiratory navigator restore pulse, resulting in 
higher SI of the tissue around the navigator (such as the neighbor-
ing atrial wall, blood pool, and right-sided pulmonary vein).

Normalization of LGE to the blood pool is an important step 
in minimizing interpatient variation, as it corrects for patient-
specific pharmacokinetics of the contrast agent that influence 
the obtained SI (eg, heart rate, renal function, LV function). 
After 2015, all studies included in this review normalized their 
LGE signal intensities to the blood pool (image intensity ratio 
or normalized LA), except Chen et al (23) and Kuo et al (28).

The threshold to discriminate between normal and fibrotic 
tissue varies greatly between studies, with a tendency toward 
greater than 3 or 4 SDs above the mean SI of the atrial wall. Of 
note, seven studies (8,22,24,26–28,33) combined the informa-
tion of patients with and without previous ablation. However, 

Table 3: Electrophysiology-related Parameters of Included Studies

Method of 
Correlation Year First Author

Rhythm during 
EAM

Mapping Catheter and No. of 
Poles/Interelectrode Spacing

Voltage Points 
(Mean 6 SD)*

Cutoff Values Related to 
Fibrosis (mV)

LA as a 
whole

2009 Oakes (7) Mixed NTC: 4/3.5 mm 100 ,0.1 | 0.1–0.5 | 0.5–1 | .1†

2010 Badger (11) Mixed BW: 10/3 mm 100 ,0.1 | 0.1–0.5 | 0.5–1 | .1†

2015 Sramko (32) AF NTC: 4/3.5 mm 219 6 49 ,0.5 and ,0.2
2022 Eichenlaub (35) SR Pent and Lasso: 20/1 mm 2129 6 484 ,0.5

LA divided 
in regions 
with and 
without 
LGE

2012 Spragg (16) NA NTC: 4/3.5 mm 90 6 24 ,0.5
2013 Jadidi (25) AF AFII: 20/1 mm 514 6 77 No‡

2014 Bisbal (12) SR Lasso: 20/1 mm 808 No‡

2014 Casagrande 
(22)

NA NA 200 ,0.5 and , 0.05

2014 Kapa (26) SR NTC: 4/3.5 mm 141 6 12 No‡

2015 Hwang (24) SR NTC: 4/3.5 mm NA ,0.5
2019 Chen (23) AF AFII: 20/1 mm 1000 ,0.5
2019 Qureshi (31) AF and SR AFII: 20/1 mm AF 660 6 28, 

SR 557 6 326
AF ,0.35, SR ,1.8

2021 Althoff (34) NA Pent and Lasso: 20/1 mm 2566 ,0.5
Point-by-

point cor-
relation

2013 Malcolme-
Lawes (8)

SR Lasso and AFII: 20/1 mm 200 No‡

2014 Khurram (27) SR NTC: 4/3.5 mm 100 No‡

2015 Harrison (15) SR NTC: 4/3.5 mm 338 6 210 No‡

2017 Benito (20) SR Lasso: 20/1 mm 124 6 81 No‡

2018 Zghaib (33) SR Lasso: 20/1 mm 734 No‡

2019 Lee (29) SR NA NA ,0.5
2020 Kuo (28) Mixed Pent and Lasso: 20/1 mm 123 No‡

2021 Caixal (21) SR Lasso: 20/1 mm 253 6 139 No‡

Note.—AF = atrial fibrillation, AFII = double-spiral Afocus II, BW = Biosense Webster circular mapping catheter, EAM = electroanatomic 
mapping, LA = left atrium, LGE = late gadolinium enhancement, NA = not available, NTC = Navistar-ThermoCool, Pent = PentAray, SR 
= sinus rhythm.
*Some studies did not provide the SD for the mean voltage points.
†Study included different ranges for different degrees of fibrosis, with greater than 1 mV considered healthy tissue, less than 0.1 mV consid-
ered fibrotic scar, and between 0.5 mV and 0.1 mV considered low voltage tissue.
‡Absolute values were used.
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Table 4: Results from Included Studies

Method of 
Correlation Year First Author

Cardiac MRI–
EAM 
Correlation Found*

Results

Reference 
Test

Radius for 
Alignment 
(mm)

Correlation 
Coefficient 
(r)

Sensitivity 
(%)

Specificity 
(%) Significance

LA as a 
whole

2009 Oakes (7) Yes 0.78 NA NA P , .05 EAM NA
2010 Badger (11) Yes 0.57 NA NA NA EAM NA
2015 Sramko (32) ,0.5 mV: no −0.11 NA NA P = .40 EAM NA

,0.2 mV: no −0.16 NA NA P = .20
2022 Eichenlaub 

(35)
Utah method: no NA NA NA P = .06 EAM NA
IIR 0.74: no NA NA NA P = .34
IIR 0.97: no NA NA NA P = .75
IIR 1.2: no NA NA NA P = .66

LA divided 
in regions 
with and 
without 
LGE

2012 Spragg (16) Yes NA 84 68 P , .001 EAM NA
2013 Jadidi (25) D vs N: yes NA NA NA P , .0001 MRI NA

D vs P: yes NA NA NA P , .0001

P vs N: yes NA NA NA P = .94
2014 Bisbal (12) Yes NA NA NA P , .001 EAM NA
2014 Casagrande 

(22)
Yes NA 66 87 NA EAM NA

2014 Kapa (26) NA NA NA NA NA MRI NA
2015 Hwang (24) FWHM: yes NA 86 96 NA EAM NA

6 SDs: yes NA 82 96 NA
2019 Chen (23) No NA 42 46 NA EAM NA
2019 Qureshi (31) AF: yes NA 77 79 AUC: 0.82 MRI NA

SR: no NA 63 67 AUC: 0.70
2021 Althoff (34) Yes NA 68 92 NA EAM NA

Point-by-
point 
correla-
tion

2013 Malcolme-
Lawes (8)

2 vs 3 SDs: yes NA NA NA P = .002 EAM ,2
3 vs 4 SDs: yes NA NA NA P , .001
4 vs 5 SDs: yes NA NA NA P = .048
.5 SDs: no NA NA NA P . .05

2014 Khurram 
(27)

Yes −2.44 NA NA P , .001 EAM ,1.5

2015 Harrison 
(15)

2.5 mm: yes −0.18 NA NA 95% CI: −0.26, 
−0.10

EAM ,2.5 and 
,5

5 mm: yes −0.19 NA NA 95% CI: −0.27, 
−0.11

2017 Benito (20) Yes −0.2 NA NA P , .001 EAM ,2
2018 Zghaib (33) Yes −0.85 NA NA P , .0001 MRI NA
2019 Lee (29) Yes NA 41 99 NA EAM ,3
2020 Kuo (28) Redo: yes −0.049 NA NA P , .001 MRI ,10

Naive: no −0.004 NA NA P = .70
2021 Caixal (21) Yes −0.39 NA NA P , .001 EAM NA

PA 2014 McGann 
(30)

Yes NA 100 100 NA PA NA

Note.—AF = atrial fibrillation, AUC = area under the receiver operating characteristic curve, D = dense LGE region, EAM = electro-
anatomic mapping, FWHM = full-width at half-maximum method, IIR = image intensity ratio, LA = left atrium, LGE = late gadolinium 
enhancement, N = non-LGE region, NA = not available, P = patchy LGE region, PA = histopathology, Redo = patient underwent previous 
ablation, SR = sinus rhythm.
*Different studies used different parameters to check for correlation, or found correlation among certain patient groups (eg, patients who 
had undergone prior ablation vs those who did not).
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replacement fibrosis resulting from natural atrial remodeling 
most likely differs from iatrogenic transmural ablation scar and 
might necessitate separate cutoff values.

EAM quality is primarily defined by the number of volt-
age mapping points. Technical aspects that influence the mea-
sured bipolar voltage are tissue contact, wave propagation, atrial 
rhythm, and heart rate frequency (37). With the introduction 
of high-density mapping catheters, recent studies are of supe-
rior quality with 500 to greater than 2000 voltage points per 
LA (23,31,33–35), as compared with 100–200 points in other 
studies (7,8,11,16,20–22,26–28,32). Interestingly, Qureshi et al 
(31) performed voltage mapping both during SR and AF in each 
patient and found that bipolar voltage was significantly lower 
during AF compared with SR and that bipolar voltage mea-
sured during AF had a better correlation with LGE cardiac MRI 
than during SR. Most studies used a threshold of 0.5 mV to 
distinguish normal myocardium from atrial fibrosis, and often a 
threshold of 0.15 mV was used for dense or iatrogenic scar.

The only studies that found no significant correlation between 
LGE cardiac MRI and bipolar voltage at EAM or histopathol-
ogy were Chen et al (23), Sramko et al (32), and Eichenlaub et al 
(35). Of note, Sramko et al (32) compared the “total percentage 
of LA with LGE” with “the total percentage of LA with low volt-
age.” Chen et al (23) compared “non-LGE regions” with “LGE 
regions,” but also included “patchy regions” in the LGE group. 
Because the patchy regions consist of voxels with and without hy-
perenhancement, this may have influenced the results.

The chosen method of alignment and correlation between 
LGE cardiac MRI and EAM is of great importance. The first 
method (extensiveness of disease) reflects properties of the LA as 
a whole; consequently, conclusions on spatial correlation cannot 
be drawn. However, the extent of disease of the entire LA can 
be useful for preprocedural planning and patient risk stratifica-
tion. The second method (rough spatial correlation) provides 
more robust measurements due to lower sensitivity for focal dif-
ferences caused by artifacts, but it is not useful for focal tissue 
characterization. The third method (point-by-point correlation) 
can be used to establish cutoff values for LGE cardiac MRI and 
to detect ablation gaps, provided that the cardiac MRI and EAM 
are of high quality and alignment is accurate. Although the ra-
dius between aligned points seems important, Harrison et al (15) 
tested a radius of 2.5 mm and 5 mm in each patient and found 
no evidence of a difference.

Based on the systematic review of the current literature, the 
following aspects of quantifying atrial fibrosis should be con-
sidered for future studies. First, 3D LGE cardiac MRI should 
be performed during SR, with sufficiently high spatial resolu-
tion, and normalization to the blood pool is imminent. Second, 
LGE cardiac MRI cutoff values should be defined per individual 
center after internal validation of normal values (analog to cur-
rent practice for T1 mapping). However, there is some evidence 
that previously found image intensity ratio cutoff values can be 
used in different machines and centers with good reproducibility 
(38). Third, voltage mapping should be used as the reference 
standard, acquiring a high number of voltage points (preferably 
.1000 points). Last, a correlation method that matches the 
research objective should be chosen. When determining cutoff 

values or ablation gaps, a point-by-point comparison is desired. 
When determining the extensiveness of disease to aid prepro-
cedural planning or as a prognostic marker, quantifying atrial 
fibrosis per region or of the LA as a whole is preferred.

Our study had some limitations. First, although EAM is con-
sidered the best surrogate for LA fibrosis, histopathology is the 
reference standard; hence, any study not using this as a reference 
standard induces bias. Second, although not an inclusion criterion 
for this systematic review, all studies included a patient sample 
with AF. This results in a lack of information from patients with 
different clinical backgrounds (eg, valvular disease, congenital 
heart disease). Finally, the included studies did not routinely re-
port the atrial parameters (eg, LA volume, LA diameter, diastolic 
function). This induces bias because these parameters are associ-
ated with atrial remodeling and extent of LA fibrosis.

In conclusion, the existing literature demonstrates a correla-
tion between high SI at LGE cardiac MRI and LVA at EAM 
when evaluating atrial fibrosis. However, the clinical and techni-
cal methods between the included studies varied substantially, 
hampering the interpretation and extrapolation of study results. 
To understand and maximize the potential of LGE cardiac MRI 
as a noninvasive diagnostic tool for the evaluation of atrial fibro-
sis, uniform choices at both cardiac MRI and EAM, as well as 
matching the method of correlation with the clinical or research 
objective, are crucial.
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