
Background: Hypertrophy of the ligamentum flavum (LF) is a primary cause of lumbar central 
spinal stenosis (LCSS). Conventional metrics of LF hypertrophy, however, have limitations. Using 
ligamentum flavum thickness (LFT), measured at the midpoint of the thicker side of the LF, can 
miss heterogeneous thickening, while the metric known as the ligamentum flavum area (LFA) is 
confounded by anatomical variations in LF length. To overcome these limitations, we introduced 
and validated a novel parameter, ligamentum flavum average thickness (LFAT).

Objectives: To evaluate the diagnostic performance of LFAT for LCSS and compare the metric 
with conventional MRI parameters.

Study Design: A retrospective observational study.

Setting: A single center in Guangzhou, China.

Methods: This retrospective study analyzed T2-weighted axial MR images from 166 patients with 
LCSS and 168 asymptomatic controls. Using receiver operating characteristic (ROC) curve analysis, 
we compared the diagnostic performance of the novel parameter, LFAT—the more hypertrophied 
side of the ligamentum flavum area (LFA’) divided by its curvilinear length—with 3 conventional 
metrics: LFT—the midpoint thickness of the more hypertrophied LF side, LFA—the total cross-
sectional area of the LF, and LFA’.

Results: ROC analysis revealed that of all the parameters, the LFAT demonstrated the highest 
diagnostic accuracy, with an area under the curve (AUC) of 0.909 (95% CI, 0.879–0.940). This 
performance was significantly superior to that of LFT (AUC = 0.852), LFA’ (AUC = 0.851), and LFA 
(AUC = 0.782) (all P < 0.05). At an optimal cutoff of 3.35 mm, LFAT yielded a sensitivity of 86.7% 
and a specificity of 81.5%.

Limitations: Major limitations of this study include its retrospective, single-center design, the use 
of a control group comprising patients with hip pathologies rather than healthy volunteers, and an 
exclusive focus on hypertrophy of the ligamentum flavum (LFH) as a contributor to LCSS.

Conclusion: With its superior diagnostic accuracy over traditional metrics, LFAT shows 
considerable promise as a more objective and reliable parameter for the clinical diagnosis of LCSS.

Key words: Ligamentum flavum average thickness, ligamentum flavum thickness, ligamentum 
flavum area, ligamentum flavum hypertrophy, lumbar central spinal stenosis, receiver operating 
characteristic analysis
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LLumbar central spinal stenosis (LCSS), a 
degenerative condition of the spine, manifests 
primarily in older adults, reaching a prevalence 

of 23.6% in this demographic (1-4). LCSS is a clinical 
syndrome caused by the narrowing of the spinal canal, 
which leads to compression of the contained neural 
elements, primarily the cauda equina and nerve roots. 
This compression typically manifests as lower back 
pain, radiating pain into the lower limbs, and, most 
characteristically, neurogenic claudication (3,5). The 
severity of these symptoms can profoundly impact 
patients’ quality of life. Although LCSS arises from a 
combination of factors, hypertrophy of the ligamentum 
flavum (LFH) stands out as the most critical element 
(6). Previous research has established that ligamentum 
flavum thickness (LFT) is influenced by such factors 
as age, inflammation, and mechanical stress (4,7). 
Elucidating the pathophysiological mechanisms of 
LFH is paramount for developing effective treatments 
and mitigating the debilitating symptoms of LCSS. A 
prerequisite for all related research and clinical work, 
however, is the accurate measurement of ligamentum 
flavum (LF) thickness. The conventional method, 
LFT, measures the midpoint thickness on the more 
hypertrophied side of the LF (4,8). This approach, 
however, suffers from a significant drawback: by 
relying on a single-point measurement, it may fail to 
represent the LF’s overall thickness, especially because 
LFH is typically a heterogeneous and uneven process. 
Figs. 1A and 1B display 2 patients with nearly identical 
LFT values (approximately 4.3 mm). However, Patient 
A exhibits marked heterogeneous thickening, in 
which the LF near the base of the spinous process is 
significantly less than the measured LFT. In contrast, 
Patient B demonstrates diffuse, uniform hypertrophy. 
Visually, the overall hypertrophic burden in Patient B 
appears significantly more severe than in Patient A, 
yet LFT fails to distinguish between these 2 distinct 
morphological patterns. To address this limitation, 
Kim et al (9) introduced a novel morphological 
parameter in 2017: ligamentum flavum area (LFA), 
which quantifies the entire cross-sectional area of 
the LF at the L4-L5 level. While LFA provides a more 
comprehensive assessment than LFT does, LFA is beset 
by 2 significant limitations. First, due to the frequent 
discontinuity and asymmetric hypertrophy of the left 
and right LF, an LFA value cannot precisely represent 
the severity of hypertrophy on a single side. Fig. 1E 
illustrates a representative case demonstrating that 
the LF can manifest significant asymmetry between 

the left and right sides. Consequently, a measurement 
method using a total area would artificially dilute the 
data. Second, and more critically, LFA is confounded by 
interindividual variability in LF cross-sectional length, a 
factor likely tied to patient-specific anatomy and body 
size. For example, the LFT of the patient in Fig. 1C (4.32 
mm) is considerably smaller than that in Fig. 1D (5.36 
mm); however, the LFA of the former (180.5 mm²) is 
significantly larger than that of the latter (151.8 mm²). 
The larger LFA in the former is driven primarily by a 
longer cross-sectional curvilinear length, demonstrating 
that a larger area does not necessarily imply more 
severe pathological hypertrophy. Consequently, these 
variations undermine the reliability of using area alone 
as a true indicator of LF thickness.

In our own attempt to address the aforementioned 
limitations, we developed a novel parameter: ligamen-
tum flavum average thickness (LFAT). This metric is 
calculated by dividing the more hypertrophied side of 
the ligamentum flavum area (LFA’) at the L4-L5 level 
by its corresponding cross-sectional length. By design, 
LFAT quantifies the average LF thickness, offering a 
more comprehensive assessment than the single-point 
LFT while remaining unaffected by the interindividual 
variations in LF length that confound LFA. We there-
fore hypothesized that LFAT would provide a more 
accurate quantification of LFT than traditional pa-
rameters, which in turn would translate to a superior 
performance in diagnosing LCSS.

Methods

Patients
This retrospective study was approved by the Nan-

fang Hospital Institutional Review Board. We reviewed 
patients diagnosed with LCSS between 2020 and 2024. 
The inclusion criteria for the patient group were as fol-
lows: (1) age 60 years or older; (2) presence of clinical 
symptoms and signs consistent with LCSS, such as lower 
back pain or neurogenic claudication; (3) availability 
of MR images of the lumbar spine obtained within 12 
months of the LCSS diagnosis; and (4) the most severe 
stenosis located at the L4-L5 level. Patients with a his-
tory of spinal trauma, prior lumbar surgery, or other 
spinal interventions such as kyphoplasty or vertebro-
plasty were excluded. For comparison, the control 
group consisted of age-matched individuals who had 
undergone pelvic or lumbar MRI for hip-related pathol-
ogies. (That protocol typically includes the L4-L5 spinal 
level.) This cohort was chosen to represent an age-
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matched, nonstenotic population, since the process of 
recruiting healthy volunteers for research MRI scans 
faced significant practical and ethical constraints. To 
minimize potential confounding factors, all individuals 
were strictly vetted and confirmed to be asymptomatic 
for any lumbar-related conditions.

Assessment of Clinical Severity
Given the retrospective nature of the study, stan-

dardized patient-reported outcome measures (PROMs), 
such as the Oswestry Disability Index (ODI) and the 
Visual Analog Scale (VAS), were not routinely available. 
Consequently, the Subjective Symptom Score (SSS) 
derived from admission records was utilized as a sur-
rogate for assessing clinical severity in the LCSS group. 
The SSS is based on the symptomatic component of 
the Japanese Orthopaedic Association (JOA) scoring 
system, encompassing 3 domains: low back pain (0–3 
points), leg pain/numbness (0–3 points), and walking 
ability (0–3 points). The total score ranges from 0 to 
9, with lower scores indicating more severe symptoms. 
Data extraction was performed independently by 2 

spinal surgeons, with any discrepancies resolved by 
consensus.

Image Processing and Analysis
MRI scans were acquired on a 3.0T system (MAGNE-

TOM Verio, Siemens Healthineers). The acquisition pa-
rameters for this sequence were as follows: repetition 
time (TR)/echo time (TE), 3,000/100 ms; slice thickness, 
3 mm; interslice gap, 0.9 mm; field of view (FOV), 200 x 
200 mm; echo train length (ETL), 4; and matrix size, 448 
× 314. Using RadiAnt DICOM Viewer (version 2024.1), 
2 experienced spine surgeons measured all parameters 
on axial T2-weighted turbo spin-echo (TSE) images at 
the L4-L5 level. Four key diagnostic parameters were 
defined and quantified as follows (Fig. 2):
LFT: The thickness measured at the midpoint of the 

more hypertrophied side of the LF. The midpoint 
was defined as the geometric center along the 
curvilinear length of the ligament.

LFA: The total cross-sectional area of the LF. 
LFA’: The cross-sectional area of only the more hyper-

trophied side of the LF. 

Fig. 1. Illustration of  limitations in conventional MRI parameters. 
(A, B) Limitations of  ligamentum flavum thickness (LFT): Patients A and B share similar LFT values (approximately 
4.3 mm) but exhibit distinct hypertrophic patterns (heterogeneous vs. uniform), which single-point measurement fails to 
differentiate. 
(C, D) Limitations of  ligamentum flavum area (LFA): Patient C has a larger LFA (180.5 mm²) than Patient D (151.8 
mm²) solely because of  greater ligament length, despite Patient D having a greater LFT (5.36 mm vs 4.32 mm). 
(E) Asymmetry: A representative case showing significant side-to-side difference in LF thickness (3.80 mm vs. 1.63 mm).
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LFAT: A novel parameter calculated by dividing LFA’ 
by its corresponding length. For this calculation, 
LF length was defined as the curvilinear distance 
along the ligament’s midline, measured from its 
medial insertion on the lamina to its lateral attach-
ment at the facet joint capsule.

The determination of the “more hypertrophied 
side” was based primarily on visual assessment by the 
spinal surgeons. In cases wherein visual distinction was 
ambiguous, measurements were performed on both 
sides, and the side that yielded the higher value was 
selected for analysis.

Statistical Analysis
Data were expressed as mean ± standard devia-

tion (SD). Independent Student’s t-tests were used to 
compare all measurement parameters between: (1) the 
control and the LCSS groups and (2) men and women 
within each group. Statistical significance was defined 
as P < 0.05. Pearson correlation analysis assessed rela-
tionships between parameters within both the control 
and LCSS groups. Additionally, Spearman’s correlation 
coefficients (ρ) were calculated to assess the relation-
ships between the four diagnostic parameters (LFT, 
LFA, LFA’, and LFAT) and the SSS in the LCSS group, 
since the SSS represented ordinal data. The diagnostic 
performance of the parameters was evaluated using 
receiver operating characteristic (ROC) curve analysis. 
We reported the area under the curve (AUC) with 95% 
confidence intervals (CIs), optimal cutoff values, sen-
sitivity, and specificity. Pairwise comparisons of AUCs 
were conducted using the DeLong test for correlated 
ROC curves, with the resulting P-values adjusted by 

the Holm-Bonferroni correction; a P-value < 0.05 was 
considered statistically significant. 

To assess the reliability of the measurements, a ran-
dom sample of 40 images (20 from each group) was in-
dependently remeasured by the same observer 2 weeks 
later (for intra-rater reliability) and by a second senior 
spine surgeon blinded to the initial results and patient 
diagnosis (also for inter-rater reliability). The intraclass 
correlation coefficient (ICC) was calculated. The degree 
of inter- and intra-rater reliability was categorized based 
on ICC values as follows: excellent (> 0.90), good (0.75 – 
0.90), moderate (0.50 – 0.75), and poor (< 0.50) (10).

Results

A total of 334 patients were included, comprising 
166 patients in the LCSS group and 168 in the control 
group. Demographic and parameter comparisons are 
detailed in Table 1. Compared to the control group, 
the LCSS group exhibited significantly greater values 
for LFT, LFA, LFA’, and LFAT (all P < 0.001). However, no 
significant difference in length was observed between 
the 2 groups. Within-group comparisons based on gen-
der (Table 2) revealed that men had significantly larger 
LFA, LFA’, and length than women in both groups (all P 
< 0.05). Conversely, LFT and LFAT showed no significant 
gender-based differences in either group.

As detailed in Table 3, within the control group, 
Pearson correlation analysis revealed that LF length 
was significantly and positively correlated with the LFA 
(r = 0.414) and LFA’ (r = 0.544) while showing no signifi-
cant correlation with LFT and LFAT. LFAT was positively 
correlated with LFT (r = 0.636), LFA (r = 0.649), and LFA’ 
(r = 0.743). An analogous pattern of correlations was 
observed in the LCSS group.

Fig. 2. Measurement of  LF parameters on T2-weighted axial MRI. 
(A) LFT. 
(B) LFA. 
(C) The more hypertrophied side of  ligamentum flavum area (LFA’) and its corresponding length. The ligamentum flavum 
average thickness (LFAT) was calculated as LFA’ divided by its length.
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The Spearman correlation analysis between the 4 
diagnostic parameters and SSS is detailed in Table 4. 
LFA showed no statistically significant correlation with 
SSS. In contrast, while LFT, LFA’, and LFAT demonstrated 
statistically significant correlations with SSS, these as-
sociations were relatively weak (ρ < 0.4).

ROC curve analysis was employed to assess the 
diagnostic utility of each parameter in identifying 
LCSS (Fig. 3). Among the evaluated parameters, LFAT 
demonstrated the most robust diagnostic performance, 
yielding an AUC of 0.909 (95% CI, 0.879–0.940). This 
figure was significantly superior to the AUCs of LFT 
(0.852), LFA (0.782), and LFA’ (0.851). The optimal cutoff 
value for LFAT was determined to be 3.35 mm, which 
corresponded to a sensitivity of 86.7% and a specific-
ity of 81.5% (Table 5). The DeLong test revealed no 
statistically significant difference between the AUCs of 
LFT and LFA’; however, all other pairwise comparisons 
showed significant differences (Table 6). 

Furthermore, all measurement parameters exhib-
ited excellent intra-rater and inter-rater reliability (ICCs 
> 0.90) (Table 7).

Discussion

LCSS is a degenerative spinal condition that can 
impair daily activities severely (11,12). Patients typically 
present with a constellation of symptoms, including 
lower back pain, radicular leg pain, and neurogenic 
claudication, which stem from the compression of 
the cauda equina and nerve roots (13-15). While the 
etiology of LCSS is multifactorial—involving disc and 
facet joint degeneration—LFH is recognized as a major 
pathological contributor (16,17). Pathologically, LFH 
involves a histological transformation characterized 
by the loss of elastic fibers and increased fibrosis, trig-
gered primarily by mechanical stress and inflammation 

(18-23). However, quantifying this hypertrophic change 
accurately remains a challenge.

Researchers conventionally assess LF thickening 
using MRI images, specifically by measuring the thick-
ness at the midpoint of the thicker side at the L4-L5 
level (LFT) (4,8). This level is often considered the most 
indicative because the L4/L5 segment experiences the 
greatest range of motion and mechanical stress, and its 
LF is typically the thickest among all lumbar segments 
(24). However, LF thickening is frequently nonuniform, 
with its thickness varying across different points of the 
ligament. Consequently, a single-point measurement 
like the LFT may not be fully representative of the 
overall hypertrophic condition and can fail to capture 
the full extent of the pathology.

In 2017, Kim et al (9) introduced a novel measure-
ment parameter known as the LFA, which involved as-
sessing the entire cross-sectional area of the LF at L4-L5 

Variable
Control Group 

n = 168
LCSS Group 

n = 166
P-value

Gender 
(male/female) 82 / 86 78 / 88 0.739

Age (years) 67.39 ± 5.77 67.67 ± 6.17 0.667

LFT (mm) 3.29 ± 0.67 4.41 ± 0.86 < 0.001

LFA (mm2) 94.69 ± 23.59 130.47 ± 38.06 < 0.001

LFA' (mm2) 44.96 ± 10.22 65.85 ± 17.92 < 0.001

Length (mm) 15.33 ± 2.26 15.55 ± 3.28 0.487

LFAT (mm) 2.95 ± 0.55 4.25 ± 0.85 < 0.001

Table 1. Demographic and parameter comparisons between the 
control and LCSS groups.

Data are presented as mean ± SD. 
LCSS, lumbar central spinal stenosis; LFT, ligamentum flavum thick-
ness; LFA, ligamentum flavum area; LFA’, the more hypertrophied 
side of ligamentum flavum area; LFAT, ligamentum flavum average 
thickness.

Table 2. Gender-based parameters comparisons within each group.

Control Group LCSS Group

Men Women P-value Men Women P-value

Age (years) 68.09 ± 6.10 66.73 ± 5.39 0.129 67.46 ± 5.73 67.86 ± 6.56 0.676

LFT (mm) 3.38 ± 0.65 3.21 ± 0.69 0.091 4.44 ± 0.88 4.39 ± 0.85 0.724

LFA (mm2) 101.23 ± 22.95 88.46 ± 22.60 < 0.001 137.67 ± 39.79 124.01 ± 35.43 0.021

LFA' (mm2) 47.96 ± 10.10 42.09 ± 9.53 < 0.001 68.94 ± 18.56 63.11 ± 16.97 0.036

Length (mm) 15.99 ± 2.34 14.70 ± 2.01 < 0.001 16.1 ± 3.49 15.06 ± 3.01 0.041

LFAT (mm) 3.01 ± 0.51 2.88 ± 0.58 0.114 4.31 ± 0.86 4.21 ± 0.83 0.463

Data are presented as mean ± SD. 
LCSS, lumbar central spinal stenosis; LFT, ligamentum flavum thickness; LFA, ligamentum flavum area; LFA’, the more hypertrophied side of liga-
mentum flavum area; LFAT, ligamentum flavum average thickness.



Pain Physician: May/June 2026; 29:E247-E255

E252 	 www.painphysicianjournal.com

level in an axial MRI. This study showed that the LFA 
had higher sensitivity and specificity than the LFT did, 
suggesting that LFA might be a more reliable predictor 
of LCSS than LFT. However, LFA possesses 2 inherent 
limitations. Firstly, LFT often presents with asymmetry 
between the left and right sides, a condition likely 
caused by uneven mechanical stresses (25,26). This 
asymmetric nature has been characterized in several 
studies; for instance, Safak et al (25) established a sta-
tistically significant difference between the sides, while 

Abbas et al (4) described a right-sided tendency and 
Kolte et al (26) noted a left-sided predilection. Conse-
quently, a method using a total area would artificially 
dilute the data. For example, if one side is severely 
thickened while the other is normal, the measurement 
will be “averaged down,” masking the true severity and 
creating a statistically misleading value that correlates 
poorly with clinical presentation, potentially leading to 
a false-negative diagnosis. To create a more accurate 
and clinically robust metric, we focused exclusively on 
the cross-sectional area of the more hypertrophied 
side, which we defined as LFA’ in our methodology. 
This approach ensured that our measurement directly 
captured the clinically relevant “worst-case scenario.” 
In our study, the AUC for LFA’ (0.851) was significantly 
greater than that for LFA (0.782), demonstrating the 
former’s superior diagnostic performance. 

However, LFA’ also has a limitation: as an area-
based parameter, its strong dependence on the cross-
sectional curvilinear length of the LF. This inherent 
correlation means LFA’ can be confounded by LF length 
between individuals. Our findings substantiated this 
concern. In the control group, we observed a positive 

Table 5. Diagnostic performance and optimal cutoff  values for each diagnostic parameter.

Parameter Cutoff AUC (95% CI) Sensitivity Specificity

LFT (mm) 3.55 0.852 (0.813 – 0.891) 83.0% 68.5%

LFA (mm2) 123.28 0.782 (0.732 – 0.831) 55.2% 90.5%

LFA' (mm2) 55.13 0.851 (0.810 – 0.893) 72.1% 85.7%

LFAT (mm) 3.35 0.909 (0.879 – 0.940) 86.7% 81.5%

AUC, area under the curve; CI, confidence interval; LCSS, lumbar central spinal stenosis; LFT, ligamentum flavum thickness; LFA, ligamentum 
flavum area; LFA’, the more hypertrophied side of ligamentum flavum area; LFAT, ligamentum flavum average thickness.

Fig. 3. Receiver operating characteristic (ROC) curve of  
LFAT, LFT, LFA’, and LFA for prediction of  lumbar 
central spinal stenosis.

Variable LFT LFA LFA' Length LFAT

LFT — 0.392* 0.618* 0.078 0.763*

LFA 0.537* — 0.740* 0.596* 0.374*

LFA' 0.470* 0.820* — 0.659* 0.664*

Length -0.100 0.414* 0.544* — -0.102

LFAT 0.636* 0.649* 0.743* -0.143 —

Table 3. Pearson correlations among measured parameters for 
the control and LCSS groups.

Values above the diagonal represent Pearson’s correlation coefficients 
(r) for the LCSS group. Values below the diagonal represent coeffi-
cients for the control group. 
LCSS, lumbar central spinal stenosis; LFT, ligamentum flavum thick-
ness; LFA, ligamentum flavum area; LFA’, the more hypertrophied 
side of ligamentum flavum area; LFAT, ligamentum flavum average 
thickness.
*Correlation is significant at the 0.01 level (2-tailed).

Table 4. Spearman correlation analysis between diagnostic 
parameters and Subjective Symptom Score in the LCSS group.

Parameter
Spearman’s Correlation 

Coefficient (ρ)
P-value

LFT -0.290 < 0.001

LFA -0.121 0.120

LFA' -0.228 0.003

LFAT -0.318 < 0.001

LCSS, lumbar central spinal stenosis; LFT, ligamentum flavum thick-
ness; LFA, ligamentum flavum area; LFA’, the more hypertrophied 
side of ligamentum flavum area; LFAT, ligamentum flavum average 
thickness.
The Subjective Symptom Score ranges from 0 to 9, with lower scores 
indicating more severe symptoms.
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correlation between LF length and both LFA (r = 0.414) 
and LFA’ (r = 0.544). This confounding effect was fur-
ther highlighted by the gender-based differences in 
our data. Specifically, while LFT and LFAT showed no 
significant differences between men and women, LF 
length, LFA, and LFA’ were all significantly greater in 
men. Given that men generally possess a larger body 
habitus, it is highly probable that LF length is influ-
enced by overall body size. Consequently, LF length acts 
as a significant confounding variable, which limits the 
diagnostic utility of measurements like LFA and LFA’.

Recognizing that the cross-sectional length of the 
LF confounded area-based measurements (LFA, LFA’), 
we sought to develop a more accurate metric. To that 
end, we introduced a novel parameter, LFAT. LFAT 
quantifies the average thickness of the LF, thereby re-
maining unaffected by uneven thickening or variations 
in cross-sectional length. In our study, LFAT showed no 
significant correlation with LF length. We hypothesized 
that LFAT would demonstrate superior precision and 
diagnostic efficacy. This hypothesis was confirmed by 
ROC analysis, wherein LFAT achieved the highest AUC 
of 0.909, significantly outperforming LFT (AUC = 0.852), 
LFA’ (AUC = 0.851), and LFA (AUC = 0.782). 

The superior diagnostic performance of LFAT offers 
substantial benefits for both clinical decision-making 
and radiological workflow integration. The high ac-
curacy of this parameter (AUC = 0.909) establishes an 
objective basis for diagnosis, minimizing false-positive 
and false-negative outcomes, particularly in equivocal 
cases with ambiguous surgical indications, thereby fa-
cilitating more informed clinical decisions. In practice, 

LFAT can be implemented readily using standard mea-
surement tools within PACS/DICOM viewers. Further-
more, deep learning algorithms can be subsequently 
developed to enable the automated computation of 
LFAT, providing immediate and reproducible quantita-
tive data. This automated approach would streamline 
diagnostics, reduce the workload for radiologists, and 
enhance consistency by eliminating inter-observer 
variability.

Notably, the diagnostic performance of LFT in our 
study (AUC = 0.852) was considerably higher than that 
reported by Kim et al (AUC = 0.720) (9). We attribute 
this discrepancy primarily to a key methodological 
difference: our protocol defined LFT as the thickness 
at the midpoint of the LF, whereas Kim et al utilized 
the maximum thickness. Unlike selecting the thicker 
of the 2 sides—a decision that captures the dominant 
pathology—selecting a single “thickest point” along a 
ligament is inherently less representative. Any single 
point is just one of many, and the thickest point’s 
location can vary unpredictably among individuals. It 
might occur at a location that does not impinge on the 
spinal cord or nerve roots, thus weakening its clinical 
correlation. In contrast, the midpoint provides a more 
standardized and consistent landmark, a practice sup-
ported by other studies (4,8), and arguably offers a 
more stable representation of the ligament’s overall 
condition. This rationale is strongly supported by our 
own findings. The AUC for our midpoint-based LFT was 
not only substantially higher than that for LFA but was 
also remarkably close to that of LFA’, our optimized 
area-based metric. This finding confirms that LFT, when 

Comparison
AUC 

Difference
95% CI

Holm-
Bonferroni 
Corrected 
P-value

LFT - LFA 0.071 0.024 – 0.117 0.006

LFT - LFA' 0.001 -0.041 – 0.044 0.961

LFT - LFAT -0.057 -0.092 – -0.023 0.004

LFA - LFA' -0.069 -0.100 – -0.039 < 0.001

LFA - LFAT -0.128 -0.174 – -0.082 < 0.001

LFA' - LFAT -0.058 -0.095 – -0.022 0.005

Table 6. DeLong’s test for pairwise AUC comparisons of  4 
diagnostic parameters.

AUC Difference = AUC (Method 1) - AUC (Method 2). 
CI, confidence interval; LCSS, lumbar central spinal stenosis; LFT, 
ligamentum flavum thickness; LFA, ligamentum flavum area; LFA’, the 
more hypertrophied side of ligamentum flavum area; LFAT, ligamen-
tum flavum average thickness.

Parameter Reliability Type ICC 95% CI

LFT
Intra-rater 0.952 0.909 – 0.975

Inter-rater 0.907 0.828 – 0.951

LFA
Intra-rater 0.962 0.928 – 0.980

Inter-rater 0.953 0.911 – 0.975

LFA'
Intra-rater 0.948 0.902 – 0.972

Inter-rater 0.930 0.870 – 0.963

Length
Intra-rater 0.934 0.877 – 0.965

Inter-rater 0.917 0.847 – 0.956

LFAT
Intra-rater 0.930 0.870 – 0.963

Inter-rater 0.945 0.898 – 0.971

Table 7. Intra-rater and Inter-rater reliability of  measurement 
parameters.

ICC, intraclass correlation coefficient; CI, confidence interval; LFT, 
ligamentum flavum thickness; LFA, ligamentum flavum area; LFA’, the 
more hypertrophied side of ligamentum flavum area; LFAT, ligamen-
tum flavum average thickness.
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measured at the midpoint, serves as a relatively robust 
and valuable diagnostic parameter.

Another noteworthy discrepancy exists between 
the modest diagnostic performance of LFA in our study 
(AUC = 0.782) and the higher efficacy (AUC = 0.830) 
reported by Kim et al (9). Indeed, in our analysis, LFA 
demonstrated the lowest diagnostic efficacy of all 
tested parameters. We attribute this difference not to 
a simple contradiction but to a critical limitation of LFA 
that our study successfully uncovered: its susceptibil-
ity to confounding by LF length. Our data provided 
compelling evidence for this flaw. We found a positive 
correlation between LFA and LF length (r = 0.414)—a 
likely surrogate for body size—and observed signifi-
cant gender-based differences in LFA that were absent 
in our normalized parameter, LFAT. Consequently, we 
postulated that the superior performance of LFA in 
the study by Kim et al (9) might have stemmed from 
a more homogeneous study population, wherein the 
confounding effect of body size was minimized, thus 
potentially inflating its perceived diagnostic accuracy. 
In contrast, the performance of LFA in our more diverse 
cohort likely represents a more realistic and generaliz-
able assessment of its true utility. This finding critically 
underscores the value of LFAT, which, by design, nor-
malizes for these anatomical variations. Its robust and 
superior AUC (0.909) validates it as a more universally 
applicable and reliable biomarker for diagnosing LFH-
induced LCSS.

The Spearman correlation analysis revealed that 
LFAT demonstrated the strongest correlation with 
clinical symptoms (ρ = -0.318), in contrast to the non-
significant LFA (P = 0.120), suggesting that normalizing 
cross-sectional area by length effectively mitigated ana-
tomical confounding. However, it is crucial to note that 
despite being the strongest predictor, the correlation 
between LFAT and SSS remains relatively weak. This 
finding aligns with the well-documented radiological-
clinical mismatch (27,28). Symptoms of LCSS are mul-
tifactorial, driven not only by static compression but 
also by dynamic instability, inflammation, and venous 
congestion—factors that static MRI metrics cannot fully 
capture (29,30). 

Furthermore, the discrepancy between the high 
diagnostic accuracy (AUC = 0.909) and weak clinical 
correlation of LFAT can be attributed to the nature of 
the pathology: the high diagnostic efficacy indicates 
LFAT’s ability to effectively distinguish pathological 
from healthy states based on a clear anatomical thresh-
old; however, once this pathogenic threshold is crossed, 

symptom severity does not increase in a simple linear 
proportion to the degree of anatomical narrowing. 
Therefore, given this weak linear correlation, establish-
ing a severity grading system based solely on LFAT lacks 
sufficient predictive validity at the individual patient 
level. We recommend LFAT as a robust binary diagnos-
tic tool to identify significant stenosis rather than as a 
grading standard for assessing clinical severity linearly.

Limitations
This study has several limitations that warrant 

acknowledgment. First, the retrospective, single-center 
design and the specific Chinese cohort may limit the 
generalizability of our findings to other ethnic groups 
with different spinal anthropometrics. Consequently, 
the diagnostic cutoff value of 3.35 mm requires exter-
nal validation in diverse populations. Second, standard-
ized PROMs such as ODI and VAS were not routinely 
available; we therefore relied on the retrospective SSS 
derived from medical records, which, while a valid sur-
rogate, might have lacked the granularity of prospec-
tive instruments. Future research should prioritize the 
inclusion of standardized PROMs to ensure a more 
robust assessment of clinical severity. Third, our control 
group comprised patients with hip pathologies rather 
than healthy volunteers. Chronic hip conditions could 
conceivably induce compensatory postural changes. 
Such biomechanical alterations might theoretically 
cause minor buckling of the LF or affect the optimal 
positioning and angulation of MRI slices, thereby intro-
ducing measurement errors. Although we strictly ex-
cluded individuals with lumbar symptoms to minimize 
confounding, future studies employing a control group 
of completely asymptomatic volunteers, if ethically fea-
sible, would be valuable to corroborate our findings.

From a methodological perspective, we exclusively 
evaluated LFH to isolate its specific impact, meaning 
other major contributors to stenosis, such as disc her-
niation and facet joint arthropathy, were not quanti-
tatively included. This focused approach may limit the 
model’s applicability to multifactorial stenosis. Finally, 
there was a potential inter-observer variability in iden-
tifying the hypertrophied side. However, our rigorous 
measurement protocol yielded excellent inter-rater 
reliability (ICC > 0.90), suggesting those technical varia-
tions were effectively minimized.

Conclusion

This study validated LFAT as a novel MRI param-
eter with superior diagnostic accuracy for LCSS over 
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conventional metrics. At an optimal cutoff of 3.35 mm, 
LFAT achieved a sensitivity of 86.7% and a specificity 
of 81.5%. By offering a more objective and reliable 
assessment than other metrics used for evaluating the 
condition, LFAT holds considerable promise for enhanc-
ing the clinical diagnosis of LCSS.
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