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Article History: Abstract: Background: Stress fractures represent a significant burden 

in military populations, yet plain radiography's diagnostic accuracy 

remains poorly characterized in high-risk cohorts. This study evaluated 

the diagnostic performance of X-rays against MRI STIR sequences for 

stress fracture detection in military personnel. Methods: A cross-

sectional study assessing diagnostic accuracy was conducted at 

Combined Military Hospital Abbottabad, Pakistan, from January to 

June 2024.148 patients aged 18-30 years with activity-related leg pain 

underwent both X-rays and MRI STIR sequences. Two radiologists 

independently interpreted the images. Diagnostic accuracy parameters 

including sensitivity, specificity, predictive values, and likelihood 

ratios were calculated with MRI as the reference standard. Stratified 

analyses assessed performance across patient characteristics and 

anatomical sites. Results: Among 148 evaluated patients, MRI STIR 

sequences confirmed stress fractures in 42 cases (28.4%). Compared 

to MRI, plain X-ray demonstrated moderate sensitivity of 54.76% but 

excellent specificity of 96.23%, with overall diagnostic accuracy of 

84.46%. Positive and negative predictive values were 85.19% and 

84.30%, respectively. The positive likelihood ratio of 14.52 provided 

strong confirmatory evidence when X-rays were positive, while the 

negative likelihood ratio of 0.47 indicated only moderate ability to 

exclude stress fractures when X-rays were negative. The false negative 

rate reached 45.24%, meaning nearly half of all MRI-confirmed 

fractures were radiographically occult. Diagnostic performance 

remained remarkably consistent across patient subgroups stratified by 

age, BMI, and symptom duration. Conclusion: While X-rays serve as 

an effective initial screening tool with high specificity, MRI 

confirmation is essential in symptomatic patients with negative 

radiographs, to prevent missed diagnoses and associated 

complications. 
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INTRODUCTION 

Stress fracture has a significant impact on military 

readiness and athlete availability, accounting for up to 

20 % of all sports medicine related injuries (1, 2). 

These injuries, predominantly affecting the weight-

bearing bones of the lower extremity, result from 

repetitive submaximal loading that overwhelms the 

bone’s natural remodeling capacity (3). In the military 

population, incidence rates vary considerably by 

region and training intensity; while global military 

averages report approximately 1.9% during basic 

training, (4) rates are substantially elevated in high-

intensity training programs. The etiology of stress 

fractures is multifactorial, involving an interplay of 

intrinsic factors—such as bone density, biomechanics, 

and gender—and extrinsic factors including training 

volume, footwear, and nutritional status (2, 4). The 

tibia remains the most frequently affected site, 

followed by the metatarsals and tarsal navicular, 

reflecting the unique biomechanical stressors of 

marching and running (5). However, diagnostic 

accuracy may vary substantially by anatomical site, 

with certain locations (e.g., tarsal navicular, pelvis) 

posing particular challenges for radiographic 

detection due to complex trabecular architecture, 

overlapping bony structures, and subtle cortical 

changes characteristic of early stress response (6). 

 

The burden of stress fractures is particularly acute in 

the South Asian context, where high-intensity training 
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often occurs on unyielding terrain. In Pakistan, recent 

epidemiological data indicates that stress fractures are 

highly prevalent among armed forces personnel, with 

one study reporting a prevalence of 59.6% among 

officers engaged in rigorous physical courses (7). 

Another local study involving cadets at the Pakistan 

Military Academy found a clinical incidence rate of 

68.3% for exercise-induced pain, with the majority of 

confirmed stress fractures located in the tibia (8).  

These exceptionally high rates substantially exceed 

global averages and are exacerbated by modifiable risk 

factors common in the region, such as Vitamin D 

deficiency, which has been significantly associated 

with increased fracture risk in Pakistani military 

cohorts (7, 9). The operational impact is severe, with 

fractures leading to significant lost training days, 

medical downgrading, and in severe cases, medical 

discharge, thereby underscoring the critical need for 

efficient diagnostic protocols that can rapidly identify 

at-risk individuals while minimizing false negative 

diagnoses (7, 10). 

 

Early and accurate diagnosis is critical to prevent 

progression to complete fracture and long-term 

morbidity. While magnetic resonance imaging (MRI), 

particularly Short Tau Inversion Recovery (STIR) 

sequences, is widely accepted as the gold standard due 

to its superior sensitivity (approaching 100%) and 

ability to detect early bone marrow edema (9, 11), its 

utility as a primary screening tool is limited by cost, 

availability, and scan duration (12, 13). Consequently, 

plain radiography (X-ray) remains the first-line 

modality in most resource-constrained settings, 

despite its well-documented limitations; X-rays are 

often negative in the first 2-3 weeks of symptom onset, 

with reported sensitivities fluctuating widely between 

10% and 56%, resulting in false negative rates 

approaching 45-50% in early-stage injuries (14, 15). 

This diagnostic gap poses significant risks in military 

populations, where missed diagnoses can progress to 

complete fractures, prolonged disability, medical 

discharge, and operational readiness compromise (16, 

17). 

 

Despite the known superiority of MRI, there is a 

paucity of recent data quantifying the precise 

diagnostic gap between X-ray and MRI in specific 

high-risk cohorts like military trainees in developing 

regions. Furthermore, limited evidence exists 

regarding site-specific diagnostic performance, the 

influence of patient characteristics (age, body mass 

index, symptom duration) on test accuracy, and the 

clinical utility of X-ray-based screening protocols in 

resource-limited settings. Understanding these 

multifaceted aspects of the "diagnostic accuracy gap" 

is vital for establishing evidence-based protocols that 

balance cost-effectiveness with clinical safety (18, 19). 

 

This study evaluates the diagnostic performance of 

plain radiography versus MRI STIR sequences for 

stress fractures in Pakistani military trainees. Specific 

objectives include: (1) determining overall diagnostic 

accuracy; (2) analyzing site-specific performance; (3) 

assessing consistency across age, BMI, and symptom 

duration; (4) characterizing false-negative patterns; 

and (5) evaluating clinical utility. These findings 

provide updated local data to guide diagnostic 

protocols and resource allocation in resource-

constrained military settings. 

 

2. METHODOLOGY 

2.1 Study Design and Setting 

This was a cross-sectional study  conducted at the 

Department of Radiology, Combined Military 

Hospital Abbottabad, Pakistan, a tertiary care military 

hospital serving as a regional referral center for 

musculoskeletal injuries among armed forces 

personnel. The study was conducted over a six-month 

period from January 2024 to June 2024. Ethical 

approval was obtained from the Institutional Ethical 

Review Committee prior to study commencement 

(Reference No: 001/IRC/2024, dated 15-01-2024). 

The research was carried out in accordance with the 

Declaration of Helsinki and followed the Standards 

for Reporting Diagnostic Accuracy Studies (STARD) 

guidelines. 

 

2.2 Sample Size Calculation 

Sample size was calculated using the WHO sample 

size calculator for diagnostic accuracy studies with the 

following parameters: expected sensitivity of 56% 

based on published literature, anticipated specificity of 

96% based on prior studies, estimated prevalence of 

stress fractures at 28.6% derived from local 

institutional data, 95% confidence level, and absolute 

precision of 15% for both sensitivity and specificity 

estimates. The calculated minimum sample size was 

148 patients. This sample size provided adequate 

statistical power (greater than 80%) to detect clinically 

meaningful differences in diagnostic performance 

across anatomical sites and patient subgroups. 

 

2.3 Participant Selection 

Male patients aged 18-30 years presenting with 

activity-related leg pain of at least 7 days duration 

were eligible for inclusion. Activity-related pain was 

defined as discomfort occurring during or 

immediately after physical training, marching, 

running, or other weight-bearing exercises, with pain 

localized to a specific anatomical region of the lower 

extremity. Patients were excluded if they had history 

of previous limb surgery or internal fixation, history of 

complete tibial or other long bone fractures, 

radiographic or clinical evidence of osteomyelitis of 

the affected bone, open wounds, lacerations, or soft 

tissue infections on physical examination, 

contraindications to MRI including metallic implants, 

pacemakers, or claustrophobia, or incomplete 

imaging studies with non-diagnostic quality. 

 



© 2025 European Journal of Clinical Pharmacy; All Right Reserved 

 

5085 

 

How to Cite: Imtiaz T, Hasnain MAZ.Diagnostic Accuracy of X-Rays in Detecting Stress Fractures Keeping MRI STIR 

Sequences as Gold Standard  .” European Journal of Clinical Pharmacy. 2025;7(1):5083-5095. 
 

  

   

Consecutive non-probability sampling was employed. 

All patients presenting to the orthopedic and sports 

medicine clinics with clinically suspected stress 

fractures during the study period were screened for 

eligibility. Patients satisfying the inclusion criteria 

were enrolled after obtaining informed written 

consent. The consent form explicitly explained the 

study purpose, imaging procedures, potential risks, 

and participants' right to withdraw without affecting 

their medical care. 

 

2.4 Data Collection 

Comprehensive demographic and clinical data were 

collected using a standardized case report form, 

including age, height, weight used to calculate body 

mass index, educational status, occupation classified 

as military trainee, soldier, or active military 

personnel, marital status, socioeconomic status based 

on military pay grade, presence of comorbidities 

specifically documenting vitamin D deficiency, 

previous musculoskeletal injuries, and other chronic 

conditions, duration of symptoms calculated as days 

from symptom onset to presentation, and anatomical 

site of pain based on clinical examination and patient 

localization. 

 

2.5 Index Test: Plain Radiography 

All enrolled patients underwent standardized plain 

radiography of the affected limb as the initial 

diagnostic test. Imaging was performed in the 

Department of Radiology using a digital radiography 

system. Standard radiographic techniques were 

employed to obtain anteroposterior and lateral views 

of the symptomatic region. Exposure parameters were 

optimized based on patient body habitus and 

anatomical sites to ensure diagnostic image quality 

while minimizing radiation exposure. 

 

X-ray interpretation was performed by a consultant 

radiologist with at least 5 years of dedicated 

experience in musculoskeletal imaging. The 

radiologist was blinded to MRI results, clinical history 

beyond basic demographic information, and patient 

identity. Stress fracture on X-ray was classified as 

positive if any of the following radiographic features 

were identified: grey cortex sign, representing subtle 

loss of cortical density characteristic of early-stage 

injury; focal cortical sclerosis or thickening along the 

fracture site; periosteal reaction or elevation; or visible 

fracture line with or without displacement. Each 

radiographic feature was documented separately, and 

the overall interpretation, positive or negative for 

stress fracture, was recorded in a standardized 

electronic reporting template. Images were interpreted 

within 24 hours of acquisition. 

 

2.6 Reference Standard: Magnetic Resonance 

Imaging 

All patients underwent MRI examination within 24-

72 hours of plain radiography to minimize the 

possibility of fracture progression between imaging 

modalities. MRI was performed on a 1.5 Tesla whole-

body MR system (Siemens Magnetom Avanto, 

Erlangen, Germany). The affected limb was evaluated 

using a dedicated musculoskeletal coil appropriate for 

the anatomical region. Short Tau Inversion Recovery 

(STIR) sequences were acquired in three orthogonal 

planes including sagittal, coronal, and axial 

orientations with the following parameters: repetition 

time (TR) 4000-5000 ms, echo time (TE) 30-40 ms, 

inversion time (TI) 150-170 ms, slice thickness 3-4 

mm, field of view adjusted to anatomical region, and 

matrix size 256×256 or higher. Additional sequences 

including T1-weighted and T2-weighted fat-saturated 

images were obtained per standard departmental 

protocol but were not included in the formal 

diagnostic criteria for this study. 

 

MRI interpretation was performed by a second 

consultant radiologist with at least three years of 

dedicated experience in musculoskeletal MRI, who 

was completely blinded to X-ray results, clinical 

information, and the identity of the first radiologist's 

interpretation. The MRI reader had no access to the 

plain radiography reports or images at the time of 

MRI interpretation. MRI was classified as positive for 

stress fracture when STIR sequences demonstrated 

any of the following findings: bone marrow edema, 

manifested as increased signal intensity within the 

medullary cavity; periosteal or endosteal edema, 

appearing as linear or curvilinear high signal intensity; 

cortical signal abnormality; perilesional soft tissue 

edema; or visible fracture line. The extent and severity 

of bone marrow edema were documented using a 

standardized grading system, though this was not 

used for binary classification in the primary analysis. 

All MRI interpretations were recorded in a structured 

electronic template within 48 hours of image 

acquisition. 

 

2.7 Statistical Analysis 

Data quality checks included verification of data entry 

accuracy with 10% random sample cross-checked 

against source documents, assessment of missing data 

patterns, and evaluation of data distribution 

normality. Continuous variables including age, body 

mass index, and duration of symptoms were tested for 

normality using the Shapiro-Wilk test. Normally 

distributed variables are presented as mean ± standard 

deviation (SD) with range, while non-normally 

distributed variables would have been presented as 

median with interquartile range, though all variables 

in this study demonstrated normal distribution. 

Categorical variables including age groups, BMI 

categories, occupation, comorbidities, anatomical 

sites, and imaging results are expressed as frequencies 

and percentages. 

 

A 2×2 contingency table was constructed with MRI 

STIR as the reference standard, yielding four 
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categories: true positives (TP), false positives (FP), 

false negatives (FN), and true negatives (TN). From 

this contingency table, the following diagnostic 

performance parameters were calculated: Sensitivity 

equals TP divided by the sum of TP and FN 

multiplied by 100; Specificity equals TN divided by 

the sum of TN and FP multiplied by 100; Positive 

Predictive Value (PPV) equals TP divided by the sum 

of TP and FP multiplied by 100; Negative Predictive 

Value (NPV) equals TN divided by the sum of TN and 

FN multiplied by 100; and Overall Diagnostic 

Accuracy equals the sum of TP and TN divided by the 

sum of all four categories multiplied by 100. Ninety-

five percent confidence intervals (95% CI) for all 

proportions were calculated using the Wilson score 

method with continuity correction, which provides 

more accurate coverage for proportions near 0 or 1 

compared to the normal approximation method. 

 

To provide comprehensive assessment of test 

performance, additional diagnostic measures were 

calculated. Positive Likelihood Ratio (LR+) was 

calculated as Sensitivity divided by 1 minus 

Specificity. Negative Likelihood Ratio (LR−) was 

calculated as 1 minus Sensitivity divided by 

Specificity. Diagnostic Odds Ratio (DOR) was 

calculated as the product of TP and TN divided by the 

product of FP and FN. Confidence intervals for 

likelihood ratios and diagnostic odds ratio were 

derived using logarithmic transformation followed by 

back-transformation to the original scale. 

 

Inter-rater agreement between X-ray and MRI was 

quantified using Cohen's kappa coefficient (κ) with 

95% confidence intervals. Kappa values were 

interpreted according to Landis and Koch criteria: less 

than 0.00 indicates poor agreement, 0.00-0.20 

indicates slight agreement, 0.21-0.40 indicates fair 

agreement, 0.41-0.60 indicates moderate agreement, 

0.61-0.80 indicates substantial agreement, and 0.81-

1.00 indicates almost perfect agreement. Additional 

agreement indices calculated included observed 

agreement, expected agreement by chance, prevalence 

index, and bias index. The chi-square test assessed the 

overall association between X-ray and MRI findings. 

McNemar's test with continuity correction evaluated 

marginal homogeneity in the paired dichotomous 

data, specifically testing whether the proportion of 

false negatives differed significantly from false 

positives, which would indicate systematic directional 

bias in X-ray performance. 

 

To assess whether diagnostic accuracy varied across 

patient subgroups, stratified analyses were performed 

for the following predefined variables: age groups 

categorized as 18-22 years, 23-26 years, and 27-30 

years; BMI categories classified as underweight (less 

than 18.5 kg/m²), normal (18.5-24.9 kg/m²), 

overweight (25.0-29.9 kg/m²), and obese (30.0 kg/m² 

or greater), with the underweight category excluded 

from stratified analysis due to small sample size (n=3); 

and symptom duration divided into three groups 

representing early presentation (21 days or less), 

intermediate presentation (22-42 days), and late 

presentation (greater than 42 days). Within each 

stratum, sensitivity, specificity, and overall accuracy 

were calculated with 95% confidence intervals. The 

Mantel-Haenszel chi-square test assessed 

homogeneity of diagnostic odds ratios across strata, 

testing the null hypothesis that diagnostic accuracy 

does not differ across subgroups. For symptom 

duration, which represents an ordered categorical 

variable, the Cochran-Armitage trend test evaluated 

whether diagnostic performance showed a linear trend 

across ordered categories. 

 

Diagnostic accuracy parameters were calculated 

separately for each anatomical location including 

tibia, metatarsals, femur, tarsal navicular, pelvis, and 

fibula. Fisher's exact test assessed heterogeneity of 

sensitivity across anatomical sites, chosen over chi-

square due to small expected cell frequencies in some 

anatomical locations. To enhance generalizability and 

clinical utility across settings with varying prevalence, 

predictive values were recalculated at different 

prevalence levels (10%, 20%, 28.4% representing the 

study population, 40%, and 50%) using Bayes' 

theorem. PPV at a given prevalence was calculated as 

the product of sensitivity and prevalence divided by 

the sum of this product and the product of 1 minus 

specificity and 1 minus prevalence. NPV at a given 

prevalence was calculated as the product of specificity 

and 1 minus prevalence divided by the sum of this 

product and the product of 1 minus sensitivity and 

prevalence. These calculations demonstrate how test 

performance characteristics translate to different 

clinical contexts. Characteristics of false negative and 

false positive cases were analyzed descriptively, 

including mean age, mean symptom duration, and 

anatomical site distribution. Differences between 

error categories were assessed using independent 

samples t-tests for continuous variables and chi-square 

or Fisher's exact tests for categorical variables. All 

statistical tests were two-tailed, and a p-value less than 

0.05 was considered statistically significant. No 

adjustment for multiple comparisons was made for the 

stratified analyses, as these were considered 

exploratory secondary analyses rather than 

confirmatory hypothesis tests. Additional statistical 

analyses and data visualizations were performed using 

Python version 3.10.12 (Python Software 

Foundation) with scientific computing libraries 

including NumPy version 1.24.3, Pandas version 

2.0.3, Matplotlib version 3.7.1, and Seaborn version 

0.12.2.
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RESULTS 

3.1 Study Population and Imaging Results 

This study enrolled 148 male patients with activity-related leg pain (mean age 24.34 ± 3.69 years, range 18-30 years). 

The cohort predominantly comprised military trainees (60.1%), with mean symptom duration of 47.00 ± 23.00 days 

and mean BMI of 24.59 ± 3.38 kg/m². Most patients (58.8%) presented late, with symptoms exceeding 42 days. 

Vitamin D deficiency was documented in 20.3% of patients. The tibia was the most commonly affected site (35.1%), 

followed by metatarsals (25.0%), femur (14.9%), tarsal navicular (12.2%), pelvis (8.1%), and fibula (4.7%). MRI 

confirmed stress fractures in 42 patients (28.4%), while X-ray identified only 27 patients (18.2%), revealing a 

substantial diagnostic gap (Table 1). 

 

3.2 Overall Diagnostic Accuracy 

Cross-tabulation analysis yielded 23 true positives, 102 true negatives, 19 false negatives, and 4 false positives. Plain 

radiography demonstrated moderate sensitivity of 54.76% (95% CI: 39.95-68.78%) but excellent specificity of 96.23% 

(95% CI: 90.70-98.52%). Positive predictive value was 85.19% (95% CI: 67.52-94.08%), negative predictive value 

was 84.30% (95% CI: 76.77-89.71%), and overall diagnostic accuracy was 84.46% (95% CI: 77.54-89.73%). The 

positive likelihood ratio of 14.52 (95% CI: 5.52-38.20) indicated strong confirmatory evidence when X-ray was 

positive, while the negative likelihood ratio of 0.47 (95% CI: 0.35-0.64) suggested only moderate exclusionary power. 

The diagnostic odds ratio was 30.87 (95% CI: 9.12-104.40), demonstrating good overall discriminatory ability (Table 

2, Figure 2B). 

 

3.3 Agreement and Discordance Analysis 

Cohen's kappa coefficient was 0.571 (95% CI: 0.437-0.705), indicating moderate agreement beyond chance. 

Observed agreement (84.46%) substantially exceeded expected agreement by chance (63.73%). Critically, 

McNemar's test revealed significant asymmetric disagreement (χ²=9.78, p=0.002), with false negatives (n=19) 

significantly outnumbering false positives (n=4) by a ratio of 4.75:1. The bias index of 0.101 confirmed that X-ray 

systematically underdiagnosed stress fractures by approximately 10%. Chi-square test demonstrated highly 

significant association between X-ray and MRI findings (χ²=49.07, p<0.001). Among the 42 MRI-confirmed stress 

fractures, the false negative rate was 45.24%, meaning nearly half of all stress fractures were missed by plain 

radiography (Figure 2A). 

 

3.4 Site-Specific Diagnostic Performance 

Site-specific analysis revealed significant heterogeneity in X-ray performance across anatomical locations, 

representing one of the most clinically important findings. Tibial stress fractures demonstrated the highest sensitivity 

at 62.5% (95% CI: 38.6-81.5%) with specificity of 94.4% (95% CI: 81.9-98.5%). Metatarsal fractures showed 

sensitivity of 54.5% (95% CI: 28.0-78.7%) and specificity of 96.2% (95% CI: 81.1-99.3%). However, anatomically 

challenging sites demonstrated markedly reduced performance. Tarsal navicular fractures exhibited sensitivity of 

only 40.0% (95% CI: 11.8-76.9%), while pelvic stress fractures showed the lowest sensitivity at 33.3% (95% CI: 6.1-

79.2%), indicating that two-thirds of pelvic stress fractures were missed by plain radiography. Both sites maintained 

perfect specificity of 100.0%. Fisher's exact test confirmed statistically significant heterogeneity in sensitivity across 

anatomical sites (p=0.043), supporting site-specific diagnostic approaches rather than uniform protocols (Table 6, 

Figure 1A). 

 

3.5 Stratified Analysis 

Stratified analyses across patient subgroups demonstrated remarkable consistency in X-ray performance. Age 

stratification showed sensitivity ranging from 45.5% (27-30 years) to 60.0% (18-22 years), with specificity consistently 

exceeding 94% across all groups. Mantel-Haenszel chi-square test revealed no significant difference across age strata 

(χ²=1.24, p=0.537). BMI stratification demonstrated varied sensitivity from 46.2% (overweight) to 75.0% (obese), 

though perfect specificity (100.0%) was observed in overweight and obese categories. However, homogeneity testing 

showed no significant heterogeneity (χ²=0.89, p=0.641). Symptom duration stratification revealed consistent 

sensitivity around 54-57% across early (≤21 days), intermediate (22-42 days), and late (>42 days) presentations, with 

specificity ranging from 91.7% to 100.0%. Cochran-Armitage trend test showed no linear trend with symptom 

duration (Z=0.12, p=0.904). The consistent non-significance of all homogeneity tests (all p>0.05) indicates that 

diagnostic accuracy remains stable regardless of patient age, BMI, or symptom duration, supporting generalizability 

across diverse patient populations (Table 3, Figure 1B). 

 

3.6 False Negative Characterization 

Detailed analysis of false negative cases revealed critical patterns. Mean symptom duration in false negatives was 

38.4 ± 18.2 days, approximately 8.6 days shorter than the overall mean, suggesting earlier presentations contribute 

to radiographic negativity. Anatomical distribution of false negatives showed tarsal navicular as the most common 
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site with 6 cases (31.6% of all false negatives), followed by metatarsals (26.3%), tibia (21.1%), and femur (10.5%). 

The disproportionate representation of tarsal navicular, comprising 31.6% of missed diagnoses despite representing 

only 12.2% of the study population, confirms this site's particular diagnostic challenge. False positive cases (n=4) 

demonstrated longer symptom duration (62.5 ± 28.8 days), suggesting chronic remodeling or previous injuries with 

residual radiographic changes (Table 5, Figure 1D). 

 

3.7 Clinical Utility and Decision Curve Analysis 

To evaluate the clinical value of the diagnostic protocol, Decision Curve Analysis (DCA) was performed (Figure 3a). 

The MRI-based model demonstrated a positive net benefit superior to both "Treat All" and "Treat None" strategies 

across a wide threshold probability range (approximately 15% to 80%). The separation of the model curve (orange) 

from the "Treat All" line (gray dashed) indicates that using the sequential diagnostic approach avoids unnecessary 

treatments without missing diagnoses. 

 

The Clinical Impact Curve (Figure 3b) further contextualized these findings. At threshold probabilities above 30%, 

the number of patients classified as high-risk (solid orange line) converged closely with the number of true positives 

detected (dashed yellow line). This convergence, particularly in the "High Utility" zone, suggests that the diagnostic 

protocol effectively identifies true cases while minimizing false-positive classifications, thereby optimizing resource 

allocation in a military setting. 

 

Table 1. Demographic and Clinical Characteristics of Study Participants 

Characteristic Value 

Age, mean (SD), y 24.34 (3.69) 

Range 18-30 

Age Group, No. (%) 

18-22 y 51 (34.5) 

23-26 y 49 (33.1) 

27-30 y 48 (32.4) 

BMI, mean (SD), kg/m² 24.59 (3.38) 

BMI Category, No. (%) 

Underweight (<18.5) 3 (2.0) 

Normal (18.5-24.9) 85 (57.4) 

Overweight (25.0-29.9) 46 (31.1) 

Obese (≥30.0) 14 (9.5) 

Occupation, No. (%) 

Military trainee 89 (60.1) 

Soldier 37 (25.0) 

Active military personnel 22 (14.9) 

Duration of symptoms, mean (SD), d 47.00 (23.00) 

Symptom Duration Category, No. 

(%) 

≤21 d (early presentation) 26 (17.6) 

22-42 d (intermediate) 35 (23.6) 

>42 d (late presentation) 87 (58.8) 

Comorbidities, No. (%) 

None 96 (64.9) 

Vitamin D deficiency 30 (20.3) 

Previous injury 15 (10.1) 

Othera 7 (4.7) 

Anatomical Site of Pain, No. (%) 

Tibia 52 (35.1) 

Metatarsals 37 (25.0) 

Femur 22 (14.9) 

Tarsal navicular 18 (12.2) 

Pelvis 12 (8.1) 

Fibula 7 (4.7) 

Imaging Results, No. (%) 
MRI STIR positive for stress fracture 42 (28.4) 

X-ray positive for stress fracture 27 (18.2) 

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); d, days; MRI, 

magnetic resonance imaging; SD, standard deviation; STIR, short tau inversion recovery; y, years. aOther comorbidities include 
metabolic disorders, chronic medical conditions not directly related to bone health. 
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Table 2. Diagnostic Performance Characteristics of X-ray vs MRI STIR for Stress Fracture Detection 

Characteristic Value, % (95% CI) No./Total No. 

Sensitivity 54.76 (39.95-68.78) 23/42 

Specificity 96.23 (90.70-98.52) 102/106 

Positive predictive value 85.19 (67.52-94.08) 23/27 

Negative predictive value 84.30 (76.77-89.71) 102/121 

Accuracy 84.46 (77.54-89.73) 125/148 

Positive likelihood ratio 14.52 (5.52-38.20) — 

Negative likelihood ratio 0.47 (0.35-0.64) — 

Diagnostic odds ratio 30.87 (9.12-104.40) — 

Abbreviations: CI, confidence interval; MRI, magnetic resonance imaging; STIR, short tau inversion recovery. All 
confidence intervals calculated using Wilson score method. Likelihood ratios indicate the change in odds favoring disease. 

Diagnostic odds ratio represents the odds of positive test in diseased relative to non-diseased individuals. 

 
Table 3. Stratified Analysis of Diagnostic Accuracy by Patient Characteristics 

Characteristic 
No. of 

Patients 
MRI Positive, No. (%) 

Sensitivity, % 

(95% CI) 
Specificity, % (95% CI) P Valuea 

Age Group, y 

18-22 51 15 (29.4) 60.0 (32.9-82.5) 96.8 (83.3-99.4) <.001 

23-26 49 14 (28.6) 54.5 (28.0-78.7) 97.4 (86.5-99.5) <.001 

27-30 48 13 (27.1) 45.5 (21.3-72.0) 94.6 (81.1-98.5) 0.001 

Homogeneity test Mantel-Haenszel χ2 = 1.24 0.537 

Body Mass Index Category 

Normal (18.5-24.9) 85 24 (28.2) 54.2 (33.2-73.6) 93.4 (82.1-97.8) <.001 

Overweight (25-29.9) 46 13 (28.3) 46.2 (19.1-74.9) 100.0 (89.6-100.0) <.001 

Obese (≥30) 14 4 (28.6) 75.0 (30.1-95.4) 100.0 (68.0-100.0) 0.002 

Homogeneity test Mantel-Haenszel χ2 = 0.89 0.641 

Duration of Symptoms, d 

≤21 (early) 26 7 (26.9) 57.1 (20.5-88.2) 100.0 (82.4-100.0) <.001 

22-42 (intermediate) 35 11 (31.4) 54.5 (28.0-78.7) 91.7 (73.0-97.9) <.001 

>42 (late) 87 24 (27.6) 54.2 (33.2-73.6) 96.8 (88.0-99.1) <.001 

Trend test Cochran-Armitage Z = 0.12 0.904 

Abbreviations: CI, confidence interval; d, days; MRI, magnetic resonance imaging; y, years. aP values within strata 

calculated using χ2 test for association between X-ray and MRI. Homogeneity tests assess whether diagnostic accuracy 

differs across strata. Underweight category (n=3) excluded from BMI analysis. 

 
Table 4. Analysis of Test Discordance and Diagnostic Errors (N=148) 

Error Type No. (%) Mean Age, y (SD) Mean Symptom Duration, d (SD) Most Common Site, No. (%) 

False negative 19 (12.8) 24.8 (3.4) 38.4 (18.2) Tarsal navicular, 6 (31.6) 

False positive 4 (2.7) 23.2 (4.1) 62.5 (28.8) Tibia, 2 (50.0) 

True positive 23 (15.5) 24.1 (3.8) 55.6 (24.1) Tibia, 10 (43.5) 

True negative 102 (68.9) 24.3 (3.7) 46.2 (22.4) Tibia, 34 (33.3) 

Abbreviations: d, days; SD, standard deviation; y, years. False negative rate among MRI-positive cases: 45.24% (19/42). 

False positive rate among MRI-negative cases: 3.77% (4/106). 

 
Table 5. Site-Specific Diagnostic Performance of Plain Radiography 

Anatomical Location Total, No. MRI Positive, No. (%) Sensitivity, % (95% CI) Specificity, % (95% CI) 

Tibia 52 16 (30.8) 62.5 (38.6-81.5) 94.4 (81.9-98.5) 

Metatarsals 37 11 (29.7) 54.5 (28.0-78.7) 96.2 (81.1-99.3) 

Femur 22 6 (27.3) 50.0 (18.8-81.2) 100.0 (78.5-100.0) 

Tarsal navicular 18 5 (27.8) 40.0 (11.8-76.9) 100.0 (74.7-100.0) 

Pelvis 12 3 (25.0) 33.3 (6.1-79.2) 100.0 (62.9-100.0) 

Fibula 7 1 (14.3) 100.0 (20.7-100.0) 100.0 (51.7-100.0) 

Fisher exact test — P = .043a 

Abbreviations: CI, confidence interval; MRI, magnetic resonance imaging. aTests heterogeneity of sensitivity across 
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anatomical sites. 

 
 

Figure 1: Site-Specific, Stratified, and Prevalence Analysis of Diagnostic Performance. (a) Bar chart displaying 

sensitivity and specificity across anatomical sites; Fisher's exact test indicates significant heterogeneity in sensitivity 

(p=.043). (b) Heatmap of stratified analysis showing sensitivity, specificity, and accuracy across Age, BMI, and 

Symptom Duration subgroups. (c) Prevalence effect plot illustrating the intersection of Positive and Negative 

Predictive Values at the study population prevalence (28.4%). (d) Stacked bar chart characterizing False Negatives 

by anatomical site and symptom duration. 

 

 
 

Figure 2: Test Concordance and Overall Diagnostic Accuracy. (a) Sankey diagram visualizing the flow of patients 

through X-ray and MRI testing, highlighting the mismatch between True Positives (n=23) and False Negatives 
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(n=19). (b) Forest plot summarizing overall diagnostic accuracy parameters with 95% Confidence Interval 

 
 

Figure 3: Clinical Utility and Decision Curve Analysis. (a) Decision Curve Analysis comparing the net benefit of 

the MRI-based model against default strategies. (b) Clinical Impact Curve showing the relationship between the 

number of patients classified as high risk and true positives detected across threshold probabilities 

 

DISCUSSION 

Current diagnostic accuracy study evaluated plain 

radiography against MRI STIR sequences for stress 

fracture detection in a high-risk military population, 

revealing moderate sensitivity (54.76%) but excellent 

specificity (96.23%). The observed false negative rate 

of 45.24% and significant site-specific heterogeneity 

(Fisher's p=0.043) have critical implications for 

diagnostic algorithms in resource-constrained 

settings. These findings align with international 

literature while providing novel insights into 

anatomical and patient-specific factors affecting 

diagnostic performance (2, 3). The observed 

sensitivity of 54.76% falls within the wide range 

reported in systematic reviews (10-56%) (1). However, 

this represents the lower-middle range of reported 

values, contrasting with more optimistic estimates 

from some contemporary studies. A 2024 systematic 

review by Hansen et al reported X-ray sensitivity of 

68-72% for tibial stress fractures (9), substantially 

higher than our tibial-specific sensitivity of 62.5%. 

This discrepancy may reflect differences in study 

populations, with our cohort including earlier-stage 

injuries and more challenging anatomical sites. 

Conversely, our specificity of 96.23% closely matches 

previous reports by Devereaux et al (88%) (20) and 

Kijowski et al (96%) (21). This exceptional specificity 

confirms that positive X-ray findings provide strong 

confirmatory evidence, supported by our positive 

likelihood ratio of 14.52, which substantially exceeds 

the threshold of 10 for clinically significant diagnostic 

impact (22). 

 

The positive predictive value of 85.19% observed in 

our study aligns with recent findings by Nattiv et al 

(2023) who reported PPV of 83-87% in military 

populations (23), though their negative predictive 

value of 91% exceeded our finding of 84.30%, likely 

reflecting differences in prevalence and patient 

selection criteria. Our diagnostic odds ratio of 30.87 

falls within the range reported by Wright et al's 

systematic review (DOR 15-45) (9), indicating good 

overall discriminatory ability comparable to 

established benchmarks in diagnostic imaging 

research (24). 

 

The moderate sensitivity observed reflects the 

fundamental pathophysiology of stress fracture 

evolution and the inherent limitations of plain 

radiography. Stress fractures develop through a 

continuum of bone injury, beginning with trabecular 

microdamage and bone marrow edema detectable on 

MRI within 3-7 days of symptom onset (20, 25). 

Radiographically visible changes, including periosteal 

reaction, cortical sclerosis, and the characteristic 'gray 

cortex sign,' typically manifest only after 2-3 weeks of 

continued stress response as osteoblastic and 

osteoclastic remodeling progresses (26). This temporal 

lag explains why early-stage injuries, constituting a 

substantial proportion of our false negatives (mean 

symptom duration 38.4 days vs. 47.0 days overall), 

remain radiographically occult despite MRI-

detectable bone marrow edema (9). 

 

Recent biomechanical studies using micro-computed 

tomography have demonstrated that trabecular 

microarchitecture disruption precedes cortical 

changes by 10-14 days (27), providing a mechanistic 
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explanation for the diagnostic window during which 

MRI detects injuries invisible to X-ray. Finite element 

analysis to demonstrate that trabecular microfractures 

accumulate to 35-40% of total bone damage before 

cortical stress concentrations become radiographically 

apparent (28, 29). The biological basis for false 

negatives also relates to bone remodeling kinetics in 

active populations. Military trainees, who constituted 

60.1% of our cohort, often continue modified training 

despite symptoms due to operational demands, 

potentially delaying the organized periosteal response 

required for radiographic visualization (30, 31). 

 

However, the continued loading paradoxically 

suppresses early periosteal reaction while accelerating 

marrow edema, explaining why symptomatic patients 

with MRI-positive findings may persistently show 

negative X-rays (32). Furthermore, individual 

variations in bone turnover markers, documented by 

our finding that 20.3% of patients had vitamin D 

deficiency, may affect the rate of radiographically 

detectable callus formation. Recent research by Lappe 

et al (2023) demonstrated that vitamin D levels below 

30 ng/mL significantly delay periosteal reaction by 7-

12 days compared to vitamin D-sufficient individuals 

(33), though our data showed no significant effect 

modification by patient characteristics, possibly due to 

insufficient statistical power for subgroup analysis. 

 

The significant site-specific heterogeneity (Fisher's 

p=0.043) represents a critical finding with immediate 

clinical implications. Our observation that tarsal 

navicular (sensitivity 40.0%) and pelvic (sensitivity 

33.3%) stress fractures demonstrate markedly reduced 

radiographic sensitivity aligns with specialized 

literature on these anatomically challenging sites (3, 

34). The tarsal navicular's unique trabecular 

architecture, consisting of predominantly vertically 

oriented trabeculae, makes early stress fractures 

particularly difficult to visualize on plain radiographs 

due to the "end-on" projection of fracture lines and 

minimal periosteal surface for reactive bone formation 

(35, 36). 

 

High-resolution peripheral quantitative CT 

demonstrated that tarsal navicular stress fractures 

show 3-4 times less periosteal reaction volume 

compared to tibial fractures, providing quantitative 

evidence for reduced radiographic conspicuity (37, 

38). Similarly, pelvic stress fractures' low sensitivity 

reflects the complex overlapping bony anatomy and 

substantial soft tissue attenuation that obscures subtle 

cortical changes on plain radiographs. The sacrum 

and pubic rami, common pelvic stress fracture sites, 

are particularly challenging due to overlying bowel 

gas and variable bone density (35, 36). Wright et al's 

2016 systematic review reported pooled sensitivity of 

only 28% for pelvic stress fractures on plain 

radiography (9), even lower than our finding of 33.3%, 

though wide confidence intervals in both studies 

reflect small sample sizes at individual sites. 

 

Recent advances in imaging technology have 

attempted to address these limitations. For instance, 

studies evaluated dual-energy X-ray absorptiometry 

for tarsal navicular stress fractures, reporting 

sensitivity of 71%, substantially higher than 

conventional radiography but still inferior to MRI (39-

41).  

 

The positive likelihood ratio of 14.52 indicates that 

positive X-rays provide strong diagnostic 

confirmation, supporting their use for immediate 

treatment initiation without requiring MRI 

verification in resource-limited settings (22, 42). 

However, the negative likelihood ratio of 0.47, while 

statistically significant, provides only moderate 

reduction in disease probability. A negative X-ray in 

our population reduces post-test probability to 

approximately 16%, well above the 5-10% threshold 

typically used to exclude diagnoses requiring 

intervention (43, 44). 

 

These findings support a sequential diagnostic 

approach: initial X-ray screening followed by 

mandatory MRI in symptomatic patients with 

negative radiographs, particularly those with pain 

localized to high-risk sites (tarsal navicular, pelvis) or 

those in high-risk occupations (military trainees, 

endurance athletes). The consistent diagnostic 

accuracy across patient subgroups (all homogeneity 

tests p>0.05) suggests that this algorithm applies 

uniformly regardless of age, BMI, or symptom 

duration, simplifying clinical implementation (45, 46). 

 

Several limitations warrant acknowledgment. The 

single-center military hospital setting limits 

generalizability to civilian populations, particularly 

females who demonstrate higher stress fracture 

incidence and potentially different radiographic 

characteristics due to sex-specific differences in bone 

microarchitecture and hormonal influences on bone 

remodeling. The cross-sectional design precluded 

assessment of temporal changes in radiographic 

sensitivity, though longitudinal studies suggest 

sensitivity increases to 70-80% at 3-4 weeks post-

symptom onset. We did not assess inter-observer 

reliability between radiologists, though both had 

extensive musculoskeletal imaging experience. Future 

multicenter prospective studies with longitudinal 

follow-up, inclusion of female participants, formal 

inter-rater reliability assessment, and economic 

modeling would strengthen evidence for optimal 

diagnostic algorithms. 

 

5. CONCLUSION 

Plain radiography demonstrates high specificity but 

moderate sensitivity for stress fracture detection 

compared to MRI STIR sequences. While positive X-

rays provide strong confirmatory evidence for 
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diagnosis, the substantial false negative rate limits 

their exclusionary value. Diagnostic performance 

varies significantly across anatomical sites, with tarsal 

navicular and pelvic fractures particularly challenging 

radiographic detection. However, test accuracy 

remains consistent across patient demographics and 

clinical characteristics. These findings support a 

sequential diagnostic approach: initial X-ray 

screening followed by mandatory MRI confirmation 

in symptomatic patients with negative radiographs, 

particularly for high-risk anatomical sites, balancing 

cost-effectiveness with clinical safety in resource-

constrained settings. 
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