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Abstract 
As the U.S. population ages, more Americans are at risk for cardiovascular diseases (CVD) and major adverse 
cardiovascular events (MACE), such as heart attacks, stroke, or cardiovascular death. Currently, cardiac magnetic 
resonance imaging (CMR) holds strong potential to be used for risk stratification in the general population to identify 
at-risk individuals before MACE. However, in current research, there is insufficient cost-effectiveness analysis of CMR as 
well as underrepresentation of women and patients with MR-conditional pacemakers (PM), which are implanted, 
non-magnetic cardiac devices used to regulate the heart rhythm. Thus, this narrative literature review addressed two main 
questions to determine the suitability of future investigation into CMR as a widespread screening tool: (1) If CMR 
provides strong prognostic value for MACE in women and patients with MR‑conditional pacemakers, and (2) if CMR is 
cost‑effective for cardiovascular risk stratification. In order to answer these questions, this review synthesized findings 
from thirty-one studies identified through PubMed and Google Scholar searches. This literature review of studies specific 
to women and patients with PM found that CMR results are consistently strong prognosticators of MACE and CVD in the 
two groups. Additionally, a review of current cost-effectiveness analyses identified CMR to be most cost-effective when 
used for risk stratification in low-to-moderate pretest probability populations, suggesting CMR may be best suited as a 
secondary screening tool rather than for universal primary screening. Finally, the overall conclusions drawn from the 
studies as a whole demonstrate that CMR shows sufficient prognostic accuracy and cost‑effectiveness to warrant 
large‑scale prospective trials. However, the small number of longitudinal subgroup studies and the limited number of 
active researchers limit the strength of the conclusions drawn in this paper. 
 
Keywords: Cardiac magnetic resonance imaging (CMR), prognostic value, women, MR-conditional pacemakers, 
cost-effectiveness, literature review. 

 
 
I. Introduction 
Cardiovascular diseases are a growing public health issue, accounting for over 40% of deaths among people 70 years or 
older worldwide, as the elderly face a higher risk of MACE and/or other CVDs (Zhou et al., 2022). MACE generally 
encompasses a variety of cardiovascular outcomes, including myocardial infarction (MI), stroke, heart failure 
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hospitalization, immediate need for medical intervention due to a cardiovascular incident, angina, or cardiovascular death 
(Pezel et al., 2021). With a rapidly aging population, an increasing proportion of the population will be at higher risk for 
cardiovascular events and diseases, thus making an accurate, noninvasive risk-stratification and screening tool critical for 
assessing the health of a growing at-risk population. Screening tools have already been implemented for a variety of 
widespread diseases; for example, the implementation of mammograms to screen for breast cancer has prevented 500 
deaths for every 100,000 women and increased the five-year breast cancer survival rate to 91% (De Jesus et al., 2023). 
Similarly, in light of increasing incidence of cardiovascular disease and MACE, CMR scans may be able to serve a role in 
preventive healthcare similar to mammograms, allowing cardiovascular abnormalities to be discovered and addressed 
early to prevent their progression to more severe diseases or events.  
 
Currently, the results of cardiac MRI scans have been shown to be effective and accurate in assessing the risk of MACE or 
CVDs in large groups of patients for a number of years post-scan, ranging from two to over eight years in various studies 
(Heitner et al., 2019). In practice, CMR risk stratification works by taking measurements of key diagnostic criteria used in 
clinical evaluation and relating the presence of abnormal measurements or results to long-term cardiovascular outcomes 
through retrospective longitudinal studies. Studies usually scan asymptomatic patients and follow their cardiovascular 
health for a number of years. The patient’s scan results are then related to their cardiovascular health, and correlations 
between certain scan abnormalities and future health issues are noted. Currently, the conclusion of a variety of clinical 
studies has been that CMR-derived measurements, particularly ischemia, late gadolinium enhancement (LGE), and left 
ventricular ejection fraction (LVEF), are closely related to future risk of both MACE and CVDs.  
 
However, the reference values that clinicians compare CMR results to when assessing cardiovascular health must differ by 
sex and ethnic group. A study of the Canadian Alliance for Healthy Hearts and Minds Cohort found that anatomical 
structure, size, and extent of function differed both by sex and across ethnic groups in the studied population (Luu et al., 
2022), suggesting that CMR result accuracy may vary considerably between patient demographics and populations, 
favoring those who align closely with reference values. Furthermore, clinical studies often suffer from participation or 
self‑selection bias, causing certain demographics to be underrepresented in study populations. Patients with 
MR-conditional pacemakers (PM) exemplify the issues in research underrepresentation: despite estimates that 75% of 
individuals with PM will require an MRI scan during their lifetime (Samar et al., 2017), current MRI research rarely 
includes enough such patients to statistically influence research conclusions.  
 
Thus, CMR faces critical obstacles preventing its realistic use as a screening tool in the present day. The insufficient 
research into CMR’s prognostic accuracy in specific subpopulations prevents its widespread usage in the diverse 
American population. Furthermore, CMR scans are costly, and cost-effectiveness for CMR scans in the long-term, 
specifically in risk stratification  for cardiovascular risk, is not well understood (Walker et al., 2021). This paper sought to 
address the inadequate research into CMR prognostic value in underrepresented groups as well as the cost-effectiveness of 
CMR scans when used in risk stratification in order to better understand the realistic feasibility of utilizing CMR as a 
widespread screening tool in the future.  
 
II. Literature Review 
Key CMR Measurements for Cardiovascular Risk 
Currently, a few measurements taken during CMR scans have been identified as strong prognosticators for future risk of 
MACE and CVDs: presence of ischemia, late gadolinium enhancement (LGE), and LVEF (Rajiah et al., 2023). As MI is 
directly related to a lack of perfusion to the heart’s muscles, measuring the extent of ischemia in the heart is critical to 
understanding a patient’s future risk of MI and MACE (Shahjehan et al., 2024). Additionally, the number of ischemic 
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blood vessel segments has been directly associated with future MACE risk in multiple large studies of heterogeneous 
populations with respect to sex and race (Heitner et al., 2019, Pezel et al., 2021), establishing ischemia as a strong 
indicator of future cardiovascular risk. LGE is the use of a contrast agent to identify areas of low perfusion or characterize 
tissue health and viability, particularly when assessing the health of patients with existing heart conditions (Matusik et al., 
2025). LGE is mainly used to assess the tissue and muscle health of both healthy and injured regions and reveal the 
salvageability of tissue damaged by previous MI or other MACE (Penell et al., 2010). LVEF is critical in measuring the 
heart’s pumping ability and efficiency by measuring the percent of oxygenated blood pumped out of the left ventricle with 
each beat of the heart. An ejection fraction lower than 50% is generally considered to be abnormal (Matusik et al., 2025), 
and abnormal LVEF coupled with other factors have been found to be strongly indicative of heightened risk of MACE and 
other complications (Mordi et al., 2015). 
 
Prognostic Value of CMR in General Population Studies 
CMR scans have been established as effective prognosticators in multiple large studies of populations unselected for race 
or sex. In a study published by Fagiry et al. (2021), 100 patients underwent CMR as well as conventional angiography 
(the golden standard for assessing coronary artery stenosis), finding that CMR was able to accurately assess LV function, 
myocardial perfusion, and tissue viability, which are used clinically to assess cardiovascular health and risk. A subsequent 
meta-analysis of 74,470 pooled patients found that a presence of stress-inducible ischemia and late gadolinium 
enhancement were directly correlated with future cardiovascular adverse events and mortality, whereas normal CMR 
results were associated with a low risk of cardiovascular events within the next 3.5 years (Ricci et al., 2023). Furthermore, 
a longitudinal study of 2058 patients by Pezel et al. in 2021 found that ischemia and unrecognized MI as detected by CMR 
were predictive of future MACE risk, with ischemia associated with increased future MACE risk by a factor of 4.64 and 
unrecognized MI by a factor of 2.88. Ischemia was also associated with cardiovascular mortality and non-fatal MI, 
increasing the risk of these events occurring by a factor of 4 and 6.2, respectively. 
 
Prognostic Value of CMR in Female-Specific Studies 
In terms of sex, the results of CMR scans, specifically ischemia and LGE, have currently been found to be as effective in 
prognosticating MACE and CVDs across both sexes (Coelho-Filho et al., 2011). In this regard, a French study found that 
inducible ischemia was an independent predictor for MACE in both men and women, indicating a 257% and 136% 
increase in MACE risk during a median follow-up time of around five years (Pezel et al., 2020). Generally, certain CMR 
parameters, such as LVEF and ischemia, may vary in their effectiveness between men and women, but the small number 
of studies specific to women currently suggest that high overall prognostic accuracy of a CMR scan is consistent across 
sexes. However, there are still insufficient studies focused specifically on CMR prognostic value in women, so it is 
difficult to discriminate the difference in CMR prognostic value between the two sexes. 
 
Prognostic Value of CMR in Clinical Subpopulations with MR-Conditional Pacemakers 
Regarding the use of CMR scans to prognosticate MACE in patients with PM, current research suggests that prognostic 
value remains consistent regardless of pacemaker usage (Pezel et al., 2020).  MR-conditional pacemakers differ from 
traditional pacemakers in the fact that they provide safe access to MRI scanning and decrease the amount of artifacts that 
interfere with scan quality (Pezel et al., 2021), allowing patients with these devices to receive CMR scans as well. A 
separate literature review of CMR technology for patients with PM found that the prognostic value of stress CMR is the 
same for patients with and without PM: for patients with PM, the rate of MACE in patients without ischemia was very low 
(0.9% per year), but consistently increased in those with ischemia or LGE detected by CMR (Pezel et al., 2020), 
consistent with the results for individuals without pacemaker implants. Nonetheless, more studies are needed to improve 
understanding of CMR technology when used on patients with PM, including its prognostic value and the effect of 
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pacemakers on CMR imaging quality. 
 
Current Research into CMR Cost-Effectiveness 
Though the cost-effectiveness of CMR as a diagnostic tool has varied between countries and patient populations, CMR 
has been found to be cost-effective compared to CT and echocardiography  when used for long-term prognostication of a 
diverse population with low disease severity (Zareiamand et al., 2023). CMR was also found to be more cost-effective 
when assessing and screening for multiple diseases, which would be its role in a risk stratification setting. In the United 
States, CMR was found to be the most cost-effective imaging approach for coronary artery diseases for patients with a 
pretest probability below 60% as compared to SPECT and coronary angiography (Siddiqui et al., 2022).  
 
III. Methods 
The main goal of this study was to analyze the prognostic value of CMR scans for underrepresented populations as well as 
the cost-effectiveness of CMR in order to assess the feasibility of utilizing CMR as a future screening tool. In order to do 
so, this study conducted a  literature review of existing studies regarding three aspects of CMR: prognostic value for 
women, prognostic value for patients with PM, and cost-effectiveness when used in risk stratification for populations with 
low-to-moderate pretest probabilities. Regarding the literature review of women and patients with PM, due to the small 
number of existing subgroup studies following the longitudinal structure needed to assess prognostic value, this review 
examined statistical trends between studies to draw a unified conclusion on prognostic value for each subgroup. This 
review qualitatively synthesized consistent directional trends that appeared across multiple studies with similar 
magnitudes.  
 
In assessing cost-effectiveness, this study gathered existing cost-analysis data and research on CMR for both diagnostics 
and patient management in different patient populations. Due to the limited research on CMR cost-effectiveness when 
used specifically for prognostic purposes, general trends between cost-effectiveness studies of overall CMR usage in 
healthcare were combined with research findings on the clinical uses and patient populations that optimize CMR 
cost-effectiveness in order to estimate the cost-effectiveness of CMR in risk stratification.  
 
Search Strategy 
This literature review used clinical studies found through the Google Scholar search engine that were published largely 
after 2020 in reputable cardiology journals, including the European Heart Journal (EHJ), The Journal of the American 
College of Cardiology (JACC), and the National Institutes of Health (NIH). Combinations of keywords related to the 
prognostic value of CMR for women and patients with PM, as well as the cost-effectiveness of CMR use in clinical 
medicine, were used to identify related studies and papers. Search keywords included “cardiac magnetic resonance 
imaging”, “prognostic value”, “risk stratification”, “sex-specific”, “CMR for patients with PM”, “cost-effectiveness”, 
“longitudinal studies”, and “literature review”. In the process of analyzing data and findings within and between studies, 
each included study served a distinct purpose and met rigorous inclusion criteria: sources were evaluated on the size and 
geographical diversity of their patient populations, statistical analysis of the CMR results used to support prognostic value, 
and consistency of findings with established research in the field. This review included several studies published between 
2010 and 2020  because of the limited number of relevant studies and active researchers. Additionally, as study selection 
was made through researcher evaluation, the included studies may reflect selection bias or researcher subjectivity. A total 
of forty-three relevant studies were evaluated for title and abstract; of the forty-three, thirty-one were included in the final 
literature review.  
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IV. Results 
Table 1: Summary of Prognostic Value of CMR in Selected Female-Specific Studies 
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Study Study Population 
and Follow-Up 
Duration 

CMR 
Sequence 

CMR 
Measurement 

Definition of 
abnormal 
measurement 

Studied relationship between 
abnormality and CV outcomes for 
women 
HR (95% Cl) 

Coelho-Filho  et 
al., 2011 

N = 405 
participants (168 
women) referred 
for ischemia 
assessment with a 
median follow-up 
of 2.5 years 

GRE 
sequences 

Inducible 
ischemia 

Segmental 
stress perfusion 
defects that did 
not demonstrate 
segmental LGE 

Adjusted for prior CV health 
MACE: 2.52 
Adjusted LR Chi-Square of 24.81 for 
MACE 

LGE Binary Only measured patients without 
history of MI 
MACE: 4.28 
Adjusted LR Chi-Square of 9.58 for 
MACE 

Ischemia and 
LGE combined 
model 
(ISCH-SCORE) 

Binary For entire study cohort,  
MACE: 1.49 (1.31-1.69) 
Adjusted LR Chi-Square of 32.52 for 
MACE  
Accounting for prior CV health,  
MACE: 1.32  
Adjusted LR Chi-Square of 26.46 for 
MACE  

Pezel et al., 
2021 

N = 3664 
participants (1579 
women) referred 
for vasodilator 
stress CMR at a 
single center with 
a median 
follow-up of 8.8 
years 

GRE 
sequences 

LVEF LVEF < 50% Coronary revascularization associated 
with lower MACE incidence in 
patients with LVEF < 50% but not 
patients with LVEF ≥ 50% 

Inducible 
ischemia 

Mild (1-2 
segments), 
moderate (3-5 
segments), and 
severe (6 or 
more segments)  

MACE: 4.74 (3.44-6.54)  
CV mortality: 4.80 (3.31-6.97)  

LGE Binary MACE: 1.37 (1.27-1.47)  

Ischemia and 
LGE combined 
model  

Categorized for 
ischemia and 
binary for LGE 

C-statistica of 0.71 (95% Cl 0.66-0.74) 
for MACE 

Heydari et al., 
2023 

N = 2349 patients 
(1104 women) 
from the SPINS 
registry 
(multicenter 
cohort for stable 

Both GRE 
and SSFP 
sequences  

LVEF LVEF < 50% Primary outcome (CV mortality and 
nonfatal MI): 0.97 (0.95-0.99) 
 

Inducible 
ischemia 

Binary Primary outcome: 2.87 (1.61-5.14) 
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Note: GRE Gradient Echo Sequences; SSFP Steady-State Free Precession; HR Hazard Ratio; CI Confidence Interval; LVEF  
Left Ventricular Ejection Fraction; LGE Late Gadolinium Enhancement; MACE Major Adverse Cardiovascular Event 
a A C-statistic measures the ability of a predictive model to accurately rank event risk within pairs. The decimal returned by a 
C-statistic reflects the proportion of pairs for which the model is able to identify the individual with the higher event risk. 

 

Table 2: Summary of Prognostic Value of CMR in Selected Studies of Patients with PM 

 

DOI: 10.5281/zenodo.21046973 Vol 4 | Issue 2 | June 2026 7 

 

chest pain) with a 
median follow-up 
of 5.4 years for 
women 

LGE Binary Primary outcome: 3.98 (2.29-6.92) 

Ischemia or 
LGE positive 
multivariable 
model 

Binary Primary outcome: 2.64 (1.20-5.90) 
Secondary outcome (Primary outcome 
+ CV hospitalization, CABG): 2.09 
(1.43-3.08) 

Study Study Population 
and Follow-Up 
Duration 

CMR 
Sequence, 
Image 
Quality 

CMR 
Measurement 

Definition of 
abnormal 
measurement 

Studied relationship between 
abnormality and CV outcomes for 
women 
HR (95% Cl) 

Pezel et al., 
2021 

N = 224 
participants 
referred for stress 
perfusion CMR  

GRE 
sequences.  
84.1% of 
patient 
segments ≥ 
grade 4.  

Ischemia Binary MACE: 11.80 (4.63-30.30) 
CV mortality: 8.92 (2.68-29.70) 
Nonfatal MI: 13.60 (3.73-33.10) 

LGE Binary MACE: 6.74 (2.47-18.40) 

Presence of 
ischemia and 
LGE combined 
model 

Binary  C-statistic of 0.71 (95% Cl 0.64-0.77) 
for MACE 

Presence and 
extent of 
ischemia and 
LGE combined 
model 

Number of 
ischemic/LGE 
segments taken 
into 
consideration 

C-statistic of 0.73 (95% Cl 0.66-0.79) 
for MACE 

Pezel et al., 
2022 

N = 273 
participants 
referred for 
vasodilator stress 
CMR at the 
Institut 
Cardiovasculare 
Paris Sud and 
Lariboisiere 
University 
Hospital with a 
median follow-up 
of 7.1 years 

SSFP 
sequences 
and GRE 
sequences. 
84.9% of 
patient 
segments ≥ 
grade 4. 
Right-sided 
devices 
produced 
higher 
quality 
images than 
left-sided 

Ischemia Binary MACE: 12.0 (4.89-33.6) 
CV mortality: 9.07 (2.74-29.8) 
Non-fatal MI: 13.8 (3.75-33.3) 
All-cause mortality: 2.39 (1.18-5.87) 

LGE Binary MACE: 6.70 (2.44-18.28)  

Presence and 
extent of 
ischemia and 
LGE combined 
model 

Number of 
ischemic/LGE 
segments taken 
into 
consideration 

C-statistic of 0.74 (95% Cl 0.67-0.80) 
for MACE 
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Table 3: Summary of Cost-Effectiveness of CMR for Diagnosis and Management of Patients with PM 

Study Study Population CMR Sequence, Image 
Quality, and Device 
Integrity 

Changed 
Management 

Changed 
Diagnosis 

Added Value to 
Patient 
Management 

Raphael et al., 
2015 

N = 69 participants 
received 72 CMR scans 
at a single center between 
2011 and 2015 

SSFP sequences and GRE 
sequences. 86% of patient 
segments ≥ grade 4. 
Right-sided devices 
produced higher quality 
images than left-sided 
devices.  

25% (n=18) 38% (n=27) 63% (n=45) 

Samar et al., 
2017 

N = 136 participants 
received MRI scans at a 
single center over a 10 
year period, of which n = 
31 were cardiac and 
vascular MRI  

Only GRE sequences 
used. Image quality was 
unaffected when devices 
were outside the scanned 
region. The vast majority 
of patients had high 
quality images.  

38% (n=12) 38% (n=12) 90% (n=28) 

Note: “Changed Management” and “Changed Diagnosis” refers to the percentage of patients who had their clinical management or 
initial diagnosis significantly changed after receiving a CMR scan. “Added Value to Patient Management” refers to CMR scans 
providing new insight into patient health OR confirming pre-MRI diagnoses OR changing clinical management OR changing the 
initial diagnosis after the scan. 

 

Table 4: Summary of Cost-Effectiveness of CMR in Various Uses in Selected Studies  

Study Study Population Study Structure Study Conclusion 

Hegde et al., 2017 N = 361 participants 
receiving CMR scans 
over 6 months at two 
separate centers in 
Pennsylvania  

Retrospective study in 
which cost savings were 
calculated based on the 
effect CMR studies had on 
patient management 

CMR studies had significant clinical impact in 71% 
(n=256) of patients, of which 25% (n=63) underwent 
major changes to their treatment plan. Most savings 
resulted from avoidance of invasive procedures. 
CMR was able to fully satisfy imaging requirements 
in 26% (n=94) of patients. On average, CMR usage 
resulted in net savings of $2308 per patient.   

Ge at al., 2020 N = 2349 patients 
from the SPINS 
registry (multicenter 
cohort for stable chest 
pain) 

Simulation-based decision 
analytic model using the 
SPINS registry where 
clinical event, cost, and 
QALYb data were 
estimated from SPINS and 
published research and 
compared for patients 
at-risk for obstructive 
CADa.  

CMR was most cost-effective as compared to no 
imaging, SPECT, CCTA, and XCA in preventing 
hard MACE (acute MI, CV death) and all MACE 
events (hard MACE + cardiac hospitalization, late 
CABG), at $52,000/QALY and $58,000/QALY, 
respectively. ICERc for CMR vs. no imaging was 
most sensitive to hazard rate and prevalence of 
obstructive CAD but was minimally sensitive to cost 
and specificity of CMR. CMR was most 
cost-effective in instances where population 
obstructive CAD prevalence was moderate 
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(5%-40%).   

Murphy et al., 2021 N = 2000 simulated 
patients with 
unexplained acute 
myocardial injury  

Simulation-based 
cost-effectiveness analysis 
study where costs of a 
control group and 
CMR-guided group were 
compared over 10 
simulated years 

CMR increased spending by 14% per patient in the 
first year, of which two-thirds are attributed to the 
scans themselves. CMR was cost neutral after 7 
years and reduced costs by 3% per patient by 10 
years. CMR was able to eliminate Type I and Type II 
errors in prescribing DAPT due to authoritative 
diagnosis of MI post-scans, preventing bleeding and 
MACE, reducing MI and major bleeding events by 7 
and 14 events per 1000 patients within 10 years, 
respectively. 

a CAD (Coronary Artery Disease) refers to the obstruction or blockage of arteries due to a buildup of plaque in the arteries, known as 
atherosclerosis.  
b QALY (Quality-Adjusted Life Years) measures the value of medical procedures by assessing quality of life and longevity together, 
where one year in perfect health equals one QALY. The cost per QALY is used to assess the cost-effectiveness of such procedures; in 
the United States, $100,000/QALY is the general threshold for cost-effective procedures. 
c ICER (Incremental Cost-Effectiveness Ratio) refers to a ratio comparing a newer medical procedure to an established, standard 
procedure. The most common way to calculate the ICER is in cost per QALY, where $n/QALY represents a scenario where n 
additional dollars must be paid to gain one more QALY beyond the standard procedure. 
 
 
Across all included studies, abnormal CMR findings consistently predicted elevated MACE risk, supporting the use of 
CMR as a prognostic tool across demographic groups. With regards to prognostication, neither studied subgroup found 
large deviations in CMR prognostic value and accuracy from the findings of studies of the general population. All 
included studies expressed prognosticated risk in terms of hazard ratios. Hazard ratios represent the difference in 
instantaneous risk between two groups at any point in time; a hazard ratio of one reflects no difference in risk between a 
specific population and a baseline population, a hazard ratio between zero and one reflects decreased risk compared to the 
baseline, and a hazard ratio above one represents increased risk. This literature review interpreted hazard ratios as an 
n-fold increase in the instantaneous rate of MACE of individuals with abnormal CMR scan results as compared to 
individuals with normal CMR scans.  
 
In terms of cost-effectiveness, quantitative findings of CMR usage across a variety of medical institutions were in line 
with existing research into CMR cost-effectiveness. Particularly significant was the finding that CMR is most 
cost-effective for usage in populations with low-to-moderate pretest probabilities for long-term health management, which 
closely resembles the population and purpose that screening tools serve today.  
 
Analysis of Prognostic Value of CMR in Selected Female-Specific Studies 
All female-specific studies demonstrated that abnormal CMR measurements were found to be highly correlated with 
increased risk of future MACE, demonstrating the strong prognostic value of CMR for women. The prognostic value of 
CMR for women was assessed by comparing  LVEF, ischemia, and LGE to standard reference values; however, the 
correlational strength of each measurement differed slightly. Notably, when assessed as a binary measurement, LGE 
proved to be more predictive of MACE events than ischemia was, as demonstrated by their respective hazard ratios in 
multiple studies. Specifically, Coelho-Filho et al. (2011) found that ischemia was associated with a 2.52-fold increase in 
MACE risk, as compared to the 4.28-fold increase in risk associated with LGE. Similarly, Heydari et al. (2023) found 
ischemia to increase MACE risk by 2.87-fold and LGE by 3.98-fold. However, when assessed in terms of the number of 
observed ischemic segments, ischemia was more strongly correlated with risk of MACE events than LGE. Pezel et al. 
(2021) found that ischemia assessed in varying degrees of severity was associated with a 4.74-fold increase in MACE risk, 
whereas LGE as a binary measurement increased MACE risk by 1.37-fold. However, the difference between the two 
hazard ratios was not statistically significant due to overlapping confidence intervals.  
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Similar to studies conducted on the general population, the combined analysis of female-specific studies also found that 
combining ischemia and LGE together in a large multivariable model yielded potential improvements in MACE 
prognostic accuracy for all three models, demonstrating the value of combining multiple CMR measurements for risk 
stratification. The combined ischemia-LGE model in Coelho-Filho et al. (2011) found the likelihood-ratio chi squared test 
statistic to be 26.46, indicating that the combined model led to a significant increase in model fit to the patient population 
when compared to a simpler model of standard clinical risk factors. Pezel et al. (2021) found that the C-statistic for a 
combined ischemia-LGE model was 0.71; in other words, the combined model would accurately stratify risk of MACE 
between random pairs of patients 71% of the time. Both Coelho-Filho et al. (2011) and Heydari et al. (2023) found that the 
hazard ratios for MACE from the ischemia-LGE model were lower as a whole when compared with the hazard ratios 
calculated by the ischemia and LGE models, which may be indicative of an improvement in MACE risk assessment as the 
direction of the change in hazard ratios was consistent between the two studies. Despite these differences being contained 
within the overlapping 95% confidence intervals, the magnitude and direction of these trends were consistent across all 
three studies, suggestive of potential clinical significance.  
 
Analysis of Prognostic Value of CMR in Selected Studies of Patients with PM 
Studies of patients with MR-conditional pacemakers demonstrated that CMR retains strong prognostic accuracy despite 
the presence of pacemakers. Similar to the findings for women, the ischemia and LGE combined model was a stronger 
indicator of MACE than individual assessment for patients with PM, and improved further when accounting for the 
number of ischemic or LGE segments. Pezel et al. (2021) tested a combined ischemia-LGE model and produced a 
C-statistic of 0.71, identical to the C-statistic for the same model when applied to women in a separate study. Both Pezel et 
al. (2021) and Pezel et al. (2022) also tested a separate combined multivariable model that further measured varying levels 
of ischemia and LGE severity by taking the number of ischemic or LGE-positive segments into consideration. This model 
produced a C-statistic of 0.73 and 0.74, respectively, an increase from the C-statistic of 0.71 obtained when the number of 
segments was not accounted for. Notably, the C-statistics calculated from these segment-specific models are similar to 
C-statistics for similar models of cardiac MRI in studies of the general population as well. 
 
In patients with PM, ischemia was consistently found to be associated with certain cardiovascular health outcomes more 
than others through comparison of hazard ratios. For example, both Pezel et al. (2021) and Pezel et al. (2022) found that 
presence of ischemia was more strongly associated with MACE than CV mortality. Pezel et al. (2021) found that ischemia 
increased MACE 11.8-fold but cardiovascular (CV) mortality by 8.92-fold. Similarly, Pezel et al. (2022) had consistent 
findings, with ischemia hazard ratios for MACE and CV mortality of 12 and 9.07, respectively. Despite the fact that these 
differences were not statistically significant outside of the 95% confidence interval, the hazard ratios for MACE and CV 
mortality were similar between studies, and the magnitude of difference between the hazard ratios for MACE and CV 
mortality was comparable as well.  
In terms of imaging quality, both longitudinal studies concluded that pacemakers did not significantly affect imaging 
quality or diagnostic value. The studies assessed imaging quality using the 17-segment model recommended by the 
American Heart Association that divides the left ventricle into 17 separate anatomical regions for image interpretation. In 
both studies, the radiologists interpreting the images rated each segment for each patient on a five-point scale, with one 
being of nondiagnostic quality and five being excellent. When combining all segments across all patients in the study, the 
vast majority of segments (84.1% and 84.9% in Pezel et al., 2021 and Pezel et al., 2022, respectively) received a score of 
four or higher, and as a whole, pacemakers failed to cause significant imaging issues with patients. Pezel et al. (2022) also 
found that right-sided devices produced higher quality images than left-sided devices, which could be attributed to their 
implant location being further from the heart. Left-sided devices still produced images of satisfactory quality, however, 
and did not affect the overall prognostic value of the scans. Thus, through two similarly structured longitudinal studies, it 
can be concluded that MR-conditional pacemakers do not seem to have a significant effect on imaging quality for 
prognostic use, and the benefits of imaging for MR-conditional pacemaker individuals outweigh the slight inconveniences 
that may come with certain individuals or scans.  
 
With regard to diagnostics, CMR scans were highly influential in patient management across all analyzed studies. In the 
two diagnostic studies included, the new information provided by the cardiac MRI scans was beneficial for overall patient 
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management for the majority of patients (63% and 90% for Raphael et al., 2015 and Samar et al., 2017, respectively). 
Additionally, both studies found that cardiac MRI scans changed the diagnosis of the patient entirely in 38% of their 
patient populations, respectively. Overall, the results of CMR scans were strongly associated with long-term 
cardiovascular health prognosis as well as patient diagnostics and management in pacemaker patients, making it a 
valuable tool for patient management and risk stratification.  
 
Analysis of Cost-Effectiveness of CMR in Selected Studies  
Existing cost-effectiveness studies suggest that CMR can reduce long-term healthcare costs while improving diagnostic 
accuracy and patient management. The cost-effectiveness of CMR scans was evaluated mainly to determine the logistical 
challenges and practicality of future screening and risk stratification. This review analyzed three large studies on the 
cost-effectiveness and clinical value of CMR, providing detailed information and insight into realistic implementation of 
large-scale CMR use for monitoring long-term cardiovascular health. 
As a whole, CMR scans reduce the overall cost per patient through avoidance of unnecessary procedures or scans, 
fulfillment of multiple imaging requirements, and prevention of complications arising from inappropriate diagnosis and 
treatment. Hegde et al. (2017) found that CMR usage resulted in net savings of around $2308 per patient, largely 
attributed to avoiding invasive procedures that would have been more costly for patients. Ge et al. (2020) established that 
early CMR scanning allowed the scan to be used as a gatekeeping tool prior to invasive procedures, allowing physicians to 
decisively know the necessity of invasive procedures without committing to them directly. Preventing procedures or 
excessive scanning both reduces the cost per patient and prevents health institutions from being overwhelmed with 
unnecessary procedures that hold up more urgent patients, making this benefit of CMR critical to future population aging, 
where the number of patients in need of cardiovascular care will rise.  
 
Furthermore, the accurate diagnosis that comes from CMR’s high measurement accuracy and detail in scanning allows 
CMR scans to potentially replace other kinds of imaging and repeated scanning in certain instances, streamlining the 
patient process while reducing healthcare costs. Hegde et al. (2017) found that CMR fulfilled all imaging requirements for 
26% of patients, preventing additional scanning and longer patient treatment times. The scans themselves also had strong 
clinical impact: 71% of patient scans were clinically significant in the treatment process and 25% underwent major 
changes to their treatment, further improving diagnosis accuracy and treatment success. Ge et al. (2020) related the high 
imaging quality of CMR scans to both prevention of excessive scanning and improved prognostication for MACE events 
in the long term, preventing patients from having to pay more in addressing further complications had CMR not been 
performed. Additionally, Murphy et al. (2021) established that the diagnostic accuracy of CMR prevented patients from 
being incorrectly diagnosed with MI and consequently prescribed DAPT medication, which causes bleeding and further 
MI when incorrectly prescribed. These events directly increase the cost of patients not receiving CMR, as treatment for 
medication complications is much more expensive than the CMR scans themselves.  
 
These categories account for the majority of reduced costs arising from CMR in the three included studies; however, CMR 
scans were found to be most cost-effective when used for a population with low-to-moderate pretest probability (Ge et al., 
2020) and when used to assess cardiovascular health into the long term (Murphy et al., 2021). Ge et al. (2020) found that 
CMR scans were most effective in preventing MACE events through early detection as compared to other established 
imaging modalities, with a QALY of $52,000 for acute MI and cardiovascular death prevention and $58,000 when cardiac 
hospitalization and CABG surgeries were further included. This is in comparison to a $100,000 willingness-to-pay 
threshold in the United States, thus characterizing CMR scans as a reasonably priced imaging modality. Furthermore, 
despite having 14% increased costs within the first year of scanning, Murphy et al. (2021) found CMR scanning to be 
cost-neutral by seven years and decreasing costs by 3% per patient within 10 years, further demonstrating the benefits of 
using CMR both as a risk-stratification tool and as a  method of assessing long-term cardiovascular health.  
 
V. Discussion 
This paper aimed to assess the cost-effectiveness of CMR as well as its prognostic value in underrepresented populations 
in order to better understand the feasibility of its use as a screening tool in the future; however, there are currently 
insufficient studies with longitudinal data analysis that can effectively assess the prognostic accuracy of CMR in specific 
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demographics and cost in the long term. As such, more research specific to the use of CMR in risk stratification is 
necessary to better understand the cost-effectiveness and clinical value of CMR screening in comparison to its current use 
in the diagnostic and treatment process. 
  
The included studies suggest that individual CMR measurements contribute differently to cardiovascular risk prediction, 
highlighting potential for further improvement of prognostic models. Thus, continued assessment and research into the 
prognostic accuracies of CMR measurements for different diseases or outcomes would be beneficial in understanding 
what measurements are most accurate prognosticators for a given outcome in long-term patient health. 
 
Analysis of CMR prognostic value in both women and patients with PM also found that models sensitive to ischemia or 
LGE severity changed the hazard ratios of MACE when compared to models measuring ischemia or LGE in a binary 
manner, and that combined models of multiple measurements consistently influenced prognostic accuracy as well. In 
order to confirm these findings and further improve upon the risk stratification abilities of cardiac MRI, future studies 
should analyze combined models of both binary measurements and severity-specific measurements for larger study 
populations to determine if prognostic accuracy rises significantly and if such increases are related to the assessment of 
degrees of severity in the statistical models.  
 
VI. Conclusion 
In the face of an aging and increasingly at-risk population to MACE and cardiovascular diseases, an accurate and 
cost-effective screening tool to stratify individuals based on cardiovascular risk would greatly reduce population 
morbidity and help prevent MACE events before they occur. Studies researching the feasibility of such risk stratification 
methods, including CMR, are critical to address this serious and impending public health issue. Existing screening tools 
like mammograms have demonstrated the strength and long-term impact that early detection can have (De Jesus et al., 
2023), and while CMR currently lacks randomized trials and sufficient research, it has proven to be a highly effective tool 
for prognostication in the general population.  
 
As identified in the current literature review, the major knowledge gaps regarding CMR as a risk-stratification tool mainly 
involve its unknown prognostic value for underrepresented demographics and its cost-effectiveness over a long period of 
time. Thus, this study sought to address these gaps as a whole in order to better understand the practicality of CMR to 
screen the general population for cardiovascular risk. In terms of prognostic value, CMR has been found to be accurate in 
prognosticating for future MACE risk in both women and patients with PM, demonstrating its strong potential as a 
prognostic tool for those with elevated cardiovascular risk. Furthermore, inclusion of multiple CMR measurements in a 
multivariable model was found to increase the C-statistic and strength of risk stratification across women, patients with 
PM, and the general population. Finally, a study of existing CMR cost-effectiveness analyses in various clinical uses has 
found CMR to be most cost-effective in patient populations with low-to-moderate pretest probabilities, when screening for 
multiple diseases, and for long-term health assessment, suggesting that CMR is best suited for risk stratification in the 
wider population.   
 
Although costly and not well-researched at present, the high imaging quality and established diagnostic value, coupled 
with existing research supporting strong long-term prognostic performance, suggest that it is a strong contender to address 
and identify large underlying populations with high cardiovascular risk, driving early detection and preventive healthcare 
in the field of cardiovascular health.  
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VII. Limitations 
Though the included studies represent a reputable subset of current CMR research, there are currently very few 
retrospective CMR studies specific to certain demographics or longitudinal cost-effectiveness analyses of CMR, 
preventing strong conclusions from being drawn for long-term cardiovascular health. Notably, three of the analyzed 
longitudinal studies were performed by the same researcher, Dr. Theo Pezel, due to his role as a leader specifically in the 
study of long-term benefits of cardiac MRI. However, the analyzed studies were generally consistent in their findings 
despite being geographically diverse and including differing patient populations.  
 
Furthermore, the analyzed studies for patients with PM included studies assessing both prognostic and diagnostic value, 
due to the lack of longitudinal studies and prognostic research as well as existing knowledge gaps in MRI scanning for 
patients with PM. Similarly, studies on the cost-effectiveness of cardiac MRI used specifically for long-term 
prognostication were limited as well, so the included cost-effectiveness studies cover a wider range of cardiac MRI usage, 
including both long-term use as well as in diagnostics and patient management. 
 
A narrative literature review of existing CMR prognostic data in studies specific to women and patients with PM as well 
as cost-effectiveness analyses of current CMR usage was the most appropriate method for analysis, as it allowed for 
stronger statistical power when identifying key trends and existing research gaps in the field.  
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