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To determine the diagnostic performance of dual-energy CT (DECT) virtual noncalcium (VNCa) 
technique in the detection of bone marrow lesions (BMLs) in knee osteoarthritis, and further analyze 
the correlation between the severity of BMLs on VNCa image and the degree of knee pain. 23 
consecutive patients with clinically diagnosed knee osteoarthritis were underwent DECT and 3.0T MRI 
between August 2017 and November 2018. Evaluation of two pain assessment scales (WOMAC and 
KOOS) were collected. VNCa images and MRI were independently scored by three readers using a four-
level scoring system over 15 anatomical subregions in each knee joint. Spearman correlation coefficient 
was used for total BML scores on DECT and MRI correlation with WOMAC and KOOS. Specificity, 
Sensitivity, NPV and PPV of reader 1 and reader 2 were 99.4%/99.2%, 89.4%/87.2%, 98.6%/98.3% 
and 95.5%/93.2%. A cutoff value of − 41.5 HU/− 46.5 HU provided sensitivities of 93.2%/90.9% and 
specificities of 100.0%/93.9% for diagnosing BMLs with AUC of 0.970/0.996. A stronger correlation was 
observed between the WOMAC and total BML score compared to the KOOS. DECT possessed excellent 
diagnostic performance in the detection of BMLs in knee osteoarthritis. And the pain degree increased 
with the severity of BMLs on VNCa images.
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Abbreviations
BML	� Bone marrow lesion
CI	� Confidence interval
CRP	� C-reactive protein
DECT	� Dual-energy computed tomography
ESR	� Erythrocyte sedimentation rate
KOOS	� The Knee Injury and Osteoarthritis Outcome Score
OA	� Osteoarthritis
SD	� Standard deviation
VNCa	� Virtual non-calcium
WOMAC	� The Western Ontario and McMaster Universities Osteoarthritis Index

Osteoarthritis (OA) is a serious global health burden, with no effective treatment currently available, and is a 
major cause of functional impairment and disability in the elderly1. Common clinical symptoms of knee OA 
include knee pain, stiffness and swelling. Pain seriously affects the life quality and become the most common 
reason for patients to seek medical care.
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Knee OA pain associates with various structural factors, such as knee effusion, synovial thickening/
synovitis, bone marrow lesions (BMLs), and periarticular lesions (e.g. infrapatellar fat pad), etc2,3. Among these 
factors, BMLs are considered a relatively recent discovery4, especially the subchondral BMLs, which are richly 
innervated with nociceptive pain fibers and may be a source of pain in patients with symptomatic degenerative 
joint disease5–7. The size of BMLs, what is resulted to the degree of pain in knee OA patients, have been shown 
by several studies8–10. Therefore, early and accurate identification of subchondral BMLs is of much significance 
for the early clinical intervention of pain in knee OA patients.

MRI is the optimum imaging method to depict BMLs4,11. However, the clinical application of MRI 
sometimes may be limited by contraindications or time-consuming. Dual-energy CT (DECT) has the ability to 
identify substances, and can create VNCa images by removing calcium from CT data, based on three-material 
decomposition model to describe BMLs12,13, thus allowing the detection of BML in traumatic11,14–18 and 
non-traumatic setting12,19–26. Specifically, DECT VNCa has good diagnostic performance in diagnosing non-
traumatic BMLs in the ankle24 foot25, wrist26 and hip joints23. Since non-enhanced conventional CT has certain 
deficiencies in the detection of pain related BMLs prior to the advent of DECT, as it is impeded by the overlying 
trabecular bone11,19. Encouragingly, the introduction of VNCa technique allows a new approach to show bone 
marrow, and offers the possibility to solve this issue.

We hypothesized that VNCa allows for both qualitative and quantitative analysis of OA-BML, and the severity 
of BMLs is correlated with the degree of pain. Therefore, this study aims to determine the diagnostic capability 
assessment of VNCa technique in detecting BMLs in knee OA, and further analyze the correlation between the 
severity of BMLs on VNCa and knee pain degree.

Materials and methods
This study was approved by the Institutional Review Board. It was also registered in China Clinical Trial 
Registry Center (Registration number: ChiCTR1900024305). All participants signed informed consent before 
examination. And all methods were performed in accordance with the relevant guidelines and regulations.

Study population
We retrospectively included 31 consecutive patients clinical diagnosed with knee osteoarthritis from August 
2017 to November 2018, who underwent non-contrast DECT and 3.0T MRI examinations. DECT and MRI 
examinations were conducted within 24 h. Patients who subsequently diagnosed with bone tumor-like lesions 
(n = 2), rheumatoid arthritis (n = 3), bone infarction (n = 1), and images of substandard quality (n = 2) of the knee 
joint were excluded. Finally, 23 patients were included (Fig. 1), of which 19 patients had OA in unilateral knee 
joint and 4 patients had OA in bilateral knee joints (total 27 knee joints).

The establishment of clinical osteoarthritis diagnostic criteria based on the modified American College of 
Rheumatology, including the following points: recurrent episodes of knee arthralgia lasting for one month, 
asymmetric joint space narrowing, cystic degeneration and/or subchondral bone sclerosis, and osteophytes. 
Additionally, the synovial fluid should be clear and viscous on at least two times, with leukocyte counts below 
2000/-mL. The duration of morning stiffness less than 30  min, and bony crepitus occurring during joint 
activity. Finally, normal or slightly elevated erythrocyte sedimentation rate (ESR) or C-reactive protein (CRP) 
levels27–29. The inclusion criteria for the study were as follows: Adhering to the modified American College of 
Rheumatology clinical diagnostic criteria for osteoarthritis as previously stated, the patient underwent relevant 
imaging examinations and agreed to sign an informed consent form.

The exclusion criteria included a patient age below 40 years, previous diagnosis of axial spondyloarthritis, 
rheumatoid arthritis, reactive arthritis, psoriatic arthritis, or any other type of chronic immune disease. Patients 
undergoing systemic corticosteroid therapy was also excluded, as well as those with contraindications to MRI. 
Lastly, any individuals who refused or were unable to participate (e.g. pregnant women) were also excluded30–32.

Fig. 1.  The flowchart showed selection of study participants. OA = osteoarthritis, DECT  = dual-energy 
computed tomography, MRI = magnetic resonance imaging, RA rheumatoid arthritis.
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Clinical data and pain scale assessment
General data of the patients, such as age, gender, and history of trauma, etc. were collected. The Knee Injury 
and Osteoarthritis Outcome Score (KOOS) and The Western Ontario and McMaster Universities Osteoarthritis 
Index (WOMAC) were used to evaluate the pain of unilateral knee joint. The WOMAC (ranges from 0 to 96) 
covers 24 items of three aspects: function (17 items), pain (5 items), and stiffness (2 items)33. A lower WOMAC 
score indicates a lower level of symptoms or disability. KOOS covers quality of life (4 items), sport and recreation 
function (5 items), symptoms (7 items), pain (9 items), activities of daily living (17 items), scores range from 0 
to 4 for each item. Afterwards, the scores were converted into a 0–100 scale. The higher the score in KOOS, the 
more serious the knee problem is34.

DECT image acquisition
Knee joint in participants, qualitative and quantitative analysis using a DECT scanner (Somatom Definition 
Flash; Siemens Healthineers). This scanner is equipped with low (tube A, 80kVp) and high (tube B, 140kVp) 
kilovoltage X-ray tubes. CT scan of the knee was performed using a dual-energy pattern. The parameter settings 
for this pattern were: pitch of 0.7, collimation of 40 × 0.6 mm, and the rotation time of 1 s. All knees were placed 
in the supine position, feet first. The preset ratio of tube current-time product was 2:1 (tube A = 360mAs; tube 
B = 180 mAs) (Table S1). The mean volume CT dose index of this protocol, according to our study participant 
protocol, was 9.8 mGy ± 1.7 (standard deviation) (range, 8.2–15.3 mGy), and the mean dose-length product was 
237.2 mGy cm ± 72.6 (range, 131.5–368.2 mGy cm).

Image reconstruction and post-processing
Each DECT scan can obtain three types of images: 80-kVp, Sn140-kVp, and weighted average images. The 
weighted average image, calculated at a ratio of 0.3:0.7 based on the data of tube A and tube B, is similar to the 
standard CT image, which possess the contrast characteristic of a 120-kVp. To the postprocessing data of DECT, 
0.6 mm thickness axial sections were reconstructed from the 80- and Sn140-kVp datasets. The CT images were 
postprocessed with software (Syngo, MMWP VE40B; Siemens Healthineers). Set the relative contrast ratio to 
1.56 at 80- and Sn140 kVp. The strength of the smoothing filter was set to 4. For further analysis, VNCa images 
were displayed on grey-scale and color-coded maps.

MRI acquisition
A 3.0T imaging system (Achieva; Philips Healthcare) with a phased-array knee coil was used to conduct all 
MRI examinations. We have collected the following sequences: Axial Spectral Attenuated Inversion Recovery 
sequence (SPAIR), Sagittal SPAIR sequence, coronal SPAIR sequence, and Sagittal T1-weighted Turbo Spin Echo 
sequence, with specific parameters as shown in Table S2. The interested reader can find them in a supplementary 
appendix online.

Qualitative analysis
BMLs were scored in each subregion of per knee. Each knee joint was divided into a total of 15 subregions. 
The patella and tibial plateau were divided into medial and lateral. The medial patella including patellar ridge. 
Subspinous region was listed as a separate part. As for the articular surface of the femur, it was divided into 
medial (including trochlear groove) and lateral condyles. Simultaneously the medial/lateral tibial plateau and 
femur condyle were further divided into three subregions: anterior, central and posterior35.

BML scores in DECT images were analyzed by reader 1 (H.L.) and reader 2 (W.C.) independently, 6 and 4 
years of experience in musculoskeletal radiology, respectively. They were unaware of clinical information and 
MRI results. BMLs no less than 2 mm away from the cortical bone was included for further analysis. As a result 
of the extent of BMLs in the affected area, the following severity score was assigned: subregions without BMLs 
were classified as Grade 1 (0 score); suspected or mild BMLs with a diameter less than 5 mm were classified as 
Grade 2 (1 score); moderate BMLs with a diameter 5 mm to 2 cm were classified as Grade 3 (2 score); severe 
BMLs with a diameter > 2 cm were classified as Grade 4 (3 score)36. Grade 1–4 BMLs on MRI and DECT VNCa 
images were shown in Fig. 2. By summing the BML score of 15 subregions, the total BML scores of the knee 
joint (range 0–45) was obtained. The higher the total BML score of the knee, the more severe degree of BMLs.

Meanwhile, the MRI was utilized as the reference standard. BMLs were graded using the CT scoring system 
previously mentioned. A third reader (F.P., who has 10 years of experience in musculoskeletal imaging) evaluated 
MR images for the presence of BMLs. Results of DECT was not disclosed to Reader 3.

Quantitative analysis
The readers 1 and 2 independently analyzed the quantitative images after the qualitative images were analyzed. 
A circular region of interest (ROI) was manually placed in the area with the highest BML intensity on VNCa 
images to determine CT numbers. However, ROI is placed in the center of the subregion in areas without bone 
marrow lesions.

Statistical analysis
Cohen’s kappa (κ) statistics was used to evaluate the inter-reader agreement in qualitative analysis of dual-energy 
VNCa images. CT numbers were compared between different grades of BMLs by using the Kruskal-Wallis test. 
In order to evaluate CT numbers derived from VNCa images, the receiver operating characteristic curve (ROC) 
was analyzed and the area under the ROC curve (AUC) calculated. Following that, ROC analysis was used to 
compare average CT numbers with MR images to determine the CT number that showed the highest accuracy 
for detecting BMLs. Sensitivity and specificity were calculated based on this cutoff value. Correlation analysis 
between total BML scores on DECT/MRI and two pain scales based on Spearman’s correlation coefficient. 
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Using SPSS 25.0 and MedCalc software to analyze data, and make 0.05 the boundary of statistical significance. 
Continuous variables were expressed as mean ± standard deviations (M ± SD).

Results
Study participants
Twenty-three patients were screened (mean age, 58.87 ± 7.41 years; age range, 43–76 years), including 16 women 
(mean age, 59.06 ± 7.87 years; age range, 43–76 years) and 7 men (mean age, 59.57 ± 6.78 years; age range, 47–66 
years). The Table 1 shows the demographics and characteristics of the participants.

Parameter Value

Mean age ± SD, range (years) 58.87 ± 7.41, 43–76

Sex

 Men 7 (30.43%)✝

 Women 16 (69.57%)✝

The extent of BMLs on MRI

 Grade 1 308(76.05%)✝

 Grade 2 50 (12.35%)✝

 Grade 3 16 (3.95%)✝

 Grade 4 31 (7.65%)✝

Pain assessment

 Mean WOMAC ± SD, range 22.59 ± 7.72 (10–42)

 Mean KOOS ± SD, range 0.76 ± 0.14 (0.35–0.91)

Table 1.  Characteristics of participants in this study. SD = standard deviation, BMLs = bone morrow lesions, 
MRI = magnetic resonance imaging, WOMAC = the Western Ontario and McMaster Universities Osteoarthritis 
Index, KOOS = the Knee Injury and Osteoarthritis Outcome Score. ✝Data are numbers of cases, with 
percentages in parentheses.

 

Fig. 2.  A series of axial spectral attenuated inversion recovery MRI images, gray-scale virtual noncalcium 
(VNCa) images, and corresponding color-coded mapping images for Grade 1–4 bone marrow lesions (BMLs). 
(a–c) Present axial MRI, gray-scale VNCa, and color-coded mapping images depicting Grade 1 BMLs in the 
tibial. (d–f) Present axial MRI, gray-scale VNCa, and color-coded mapping images depicting Grade 2 BMLs in 
the tibial. (g–i) present axial MRI, gray-scale VNCa, and color-coded mapping images depicting Grade 3 BMLs 
in the condyles of femur. (j–l) present axial MRI, gray-scale VNCa, and color-coded mapping images depicting 
Grade 4 BMLs in the tibia.
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A total of 405 subregions were analyzed, of which 97 subregions showed BMLs on MRI. According to the 
extent of BMLs in the knee joint, MRI classified 308 subregions as Grade 1, 50 as Grade 2, 16 as Grade 3, and 31 
as Grade 4. The mean pain score of WOMAC and KOOS was 22.59 and 0.76, respectively (Table 1).

Qualitative analysis
Inter-reader agreement of VNCa images assessment was excellent for two readers (κ = 0.91). When MRI at grade 
3–4 was counted as positive for BMLs and grade 1–2 was counted as negative. For reader 1, two subregions 
that had no BMLs on MRI were identified as having BMLs on VNCa images, the result classification was false 
positive. five of which were classified as being BML-free on VNCa images were found to have BMLs on MRI, 
these findings were classified as false-negatives. For reader 2, a total of three false positives and six false negatives 
of BMLs were detected in images from VNCa. For diagnosis of BMLs with VNCa images, reader 1 achieved 
overall sensitivity of 89.4% (95%CI: 76.1, 96.0%), specificity of 99.4% (95%CI: 97.8, 99.9%), positive predictive 
value (PPV) of 95.5% (95%CI: 83.3, 99.2%) and negative predictive value (NPV) of 98.6% (95%CI: 96.6, 99.5%). 
For reader 2, the corresponding values were 87.2% (95%CI: 73.6, 94.7%), 99.2% (95%CI: 97.4, 99.8%), 93.2% 
(95%CI: 80.3, 98.2%), and 98.3% (95%CI: 96.2, 99.3%) (Table 2).

Quantitative analysis
Mean CT numbers corresponding to different grade BMLs on VNCa images of reader 1 and reader 2 were shown 
in Table S3. There was statistical significance between the mean CT numbers of different grade BMLs on VNCa 
images (P < 0.001 for both readers). The CT numbers of BMLs increased with the BML grade (Fig. 3).

Table S4 showed the CT numbers of positive and negative oedema areas according to MRI. For reader 1, the 
AUC for separating positive from negative oedema areas were 0.970 (95% CI: 0.919, 0.993). While for reader 
2, it was 0.996 (95% CI: 0.958, 1.00) (Fig. 4, P <0.001 for both readers). According to reader 1, the cutoff value 
of − 41.5 HU yielded a sensitivity of 93.2% (95%CI:81.3, 98.6%) and specificity of 90.9% (95%CI: 81.3, 96.6%), 
and it was − 46.5 HU for reader 2 that achieved a sensitivity of 100.0% (95%CI: 92.0, 100.0%) and specificity of 
93.9% (95%CI: 85.2, 98.3%) (Table 3).

Correlation between total BML scores and pain scale assessment
The pain scores on WOMAC were strong positive correlation to total BML scores on DECT (r = 0.774, 0.723, 
respectively, P < 0.001) and MRI (r = 0.802, P < 0.001) (Fig. 5a–c). In contrast, the pain scores on KOOS were 
highly negatively related to the total BML scores on DECT (− 0.695, − 0.789, respectively, P < 0.001) and MRI (r 
= − 0.680, P < 0.001) (Fig. 5d–f). In short, the degree of knee pain increased with the severity of BMLs.

Fig. 3.  Box-and-whisker plots show mean dual-energy CT numbers (in Hounsfield units) measured on virtual 
noncalcium images for all cases. Boundaries of boxes indicate lower and upper quartiles, and lines in boxes 
indicate medians.

 

Parameter Reader 1 Reader 2

Sensitivity (%) 89.4 (76.1, 96.0) 87.2 (73.6, 94.7)

Specificity (%) 99.4 (97.8, 99.9) 99.2 (97.4, 99.8)

PPV (%) 95.5 (83.3, 99.2) 93.2 (80.3, 98.2)

NPV (%) 98.6 (96.6, 99.5) 98.3 (96.2, 99.3)

Table 2.  Visual image analysis of bone marrow lesions in knee osteoarthritis patients on dual-energy CT for 
two readers. Data are percentages, with 95% confidence intervals in parentheses. PPV = positive predictive 
value, NPV = negative predictive value.
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Fig. 5.  Correlation between the clinical pain scores and bone marrow lesions (BMLs). (a–c) positive 
correlation between the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) and 
total BML scores on MRI and dual-energy computed tomography (DECT) (r = 0.802, 0.774, 0.723, respectively, 
P < 0.001), (d–f) negative correlation between the Knee Injury and Osteoarthritis Outcome Score (KOOS) and 
total BML scores on MRI and DECT (r = − 0.680, − 0.695, − 0.789, respectively, P < 0.001).

 

Parameters Reader 1 Reader 2

Sensitivity (%) 93.2 (81.3, 98.6) 100.0 (92.0, 100.0)

Specificity (%) 90.9 (81.3, 96.6) 93.9 (85.2, 98.3)

Area under the ROC curve 0.970 (0.919, 0.993) 0.996 (0.958, 1.000)

Cutoff CT value (HU) − 41.5 − 46.5

Table 3.  Diagnostic performance of dual-energy virtual non-calcium technique in quantitative analysis of 
region of interest–based mean attenuation measurement. Data are percentages, with 95% confidence intervals 
in parentheses. ROC = receiver operating characteristic.

 

Fig. 4.  Receiver operating characteristic (ROC) curves calculated from CT numbers (HU) derived from dual-
energy virtual noncalcium (VNCa) images of two readers. Area under the receiver operating characteristics 
curve was 0.970 for reader 1 and 0.996 for reader 2.
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Discussion
Taking MRI as the standard of reference, we used DECT VNCa technique to analyze the relationship between 
pain scale and BML score in knee OA patients. As a result of our primary findings, we concluded that DECT 
was capable of detecting BMLs with an excellent AUC, high specificity, and PPV. Meanwhile, the CT numbers of 
BMLs increased with the BML grade. Furthermore, we found a strong correlation between BML score and pain 
scale in knee OA patients.

This study only included BMLs located 2 mm away from adjacent cortical bone, with the aim of minimizing 
artifacts that interfere with the accuracy of BML assessment. In our qualitative analysis, the visualization of 
BMLs by DECT images and VNCa applications showed good diagnostic performance, which corresponded 
well to those of previous studies in non-traumatic settings12,22–24,37. Especially in the study conducted by Foti 
et al.24, focused on osteochondral lesions of the ankle, the sensitivity and specificity of BMLs around the ankle 
joint in non-traumatic patients reached 89.7% and 81.8% respectively. In another study, DECT was found to 
depict the bone marrow changes surrounding stress fractures caused by repeated microtrauma over time. High-
resolution morphological CT images clearly demonstrate the course of a fracture line, and differentiate between 
fresh fractures and old fractures based on the presence of reactive osteoblastic response22. Also, this is similar 
to the results of VNCa studies of various joint trauma reported previously, such as knee11, wrist38, vertebral 
bodies17 and hip39. Although DECT has limited capability in assessing soft tissue injuries, such as meniscal or 
ligamentous damage, it serves as an alternative or supplementary imaging method for MRI in detecting BMLs, 
especially when patients have contraindications for MRI or in the case of emergency18. Additionally, CT scans 
are less expensive and time consumption than MRI.

According to VNCa, we discovered that CT numbers of BMLs in positive areas were significantly higher than 
that in negative areas. Besides, based on ROC analysis, the sensitivity and specificity for distinguishing BMLs 
from non-BMLs of the knee joint were 93.2% and 90.9% for reader 1, 100.0% and 93.9% for reader 2, respectively. 
This is similar to previous findings based on ROI-based mean attenuation measurement in distinguishing BMLs 
from non-BMLs in ankle and sacroiliac joint12,15. Therefore, the difference in CT numbers between BMLs 
positive and negative areas is the main factor affecting the diagnosis of VNCa images, which enables BMLs to be 
discovered in VNCa images and further demonstrates the value of DECT in diagnosing BMLs in OA patients. 
In addition to the application of VNCa technique, different types of VNCa images, such as color-coded images, 
can also be used to help better detect bone marrow attenuation changes and improve the performance of VNCa 
images in displaying abnormal bone marrow.

We found the dual-energy VNCa CT numbers gradually increased with the BML grade between both readers. 
Meanwhile, calculations have shown a statistically significance difference between different BML grade in CT 
numbers, which is in good agreement with considerable BML CT-number studies that have been reported on 
VNCa images12,40,41. There are similarities and differences in the pathologic basis of increased CT numbers of 
BMLs according to the etiology. For example, pathological manifestations of BMLs caused by arthritis induces 
increased fluid content and decreased fat content42. Alternatively, trabecular microfractures, oedema, and 
hemorrhage after acute trauma can cause increased amounts of interstitial fluid and blood, thereby increasing 
the CT number11,13. Thus, we consider that the reason of OA-BMLs CT-number increasing is similar to that 
mentioned above, which may be the increase of fluid.

In our study, the optimal cutoff value for diagnosing BMLs on VNCa was − 41.5 HU and − 46.5 HU, which 
is highly similar to the results of patient with sacroiliitis that reported by Wu et al. (− 33.4 HU and − 42.35 
HU)12 and Chen M et al. (− 40.8 HU and − 44.4 HU)19, and Zuo et al. in the osteonecrosis of the femoral head 
(− 57.2 HU)37. The slight discrepancies of the cutoff value in these observations of non-traumatic joints could be 
explained by different ages, anatomic structures, the usage of divers CT scanners, differing kilovoltage settings, 
and postprocessing algorithms11,17,43. Unsurprisingly, many studies revealed higher cut-off values for traumatic 
BMLs in the vertebra (− 0.43 HU, − 11.8 HU)17,44, wrist (5.90 HU)45, and knee (1.45 HU)46, which is mainly due 
to the histological changes of hemorrhage and hyperemia after trauma, especially hemorrhage47.

Our study showed that the knee pain degree increased with the severity of BMLs depicted on DECT and MRI. 
This is in accordance with various studies that BMLs were positively correlated with the severity of knee pain8–10. 
Nevertheless, some studies failed to find an association between BMLs and pain severity48,49. The reasons for 
discrepancies in findings regarding the association between BMLs and pain severity may be as follows. First, a 
difference in clinical symptoms may be related to the different pathological changes with BMLs. For example, 
oedema and microfractures are highly reminiscent to pain, while fibrotic changes would be rather painless48. 
Second, as a result of different MR pulse sequences, different presentation of BMLs will be produced. Generally, 
BMLs measured on 3D dual echo steady state sequences will underestimate BML size and change, weaken the 
correlation between BMLs and pain severity49. Based on the excellent diagnostic performance of VNCa for 
BMLs and the strong correlation between BMLs and pain severity in this study, we believe that DECT will play 
an essential role in the pain assessment of patients with knee osteoarthritis for years to come, especially those 
who are contraindicated or not applicable to MRI.

Interestingly, overall, the WOMAC had a stronger correlation with total BMLs score compared with KOOS. 
This may be due to the fact that our study participants were mainly elderly. Currently, WOMAC is the main 
scale used to clinically evaluate pain in senile degenerative bone and joint diseases34. KOOS, an extension of 
WOMAC, is developed for younger and/or more active patients with knee injury and/or knee osteoarthritis50. 
To a certain extent, this study also demonstrated that different pain assessment scale had differing applicable 
populations.

Lastly, we would like to briefly discuss the evolution of CT technology. Until recently, energy-integrating 
detector CT (EID-CT) represented the stronghold hardware technology of CT data acquisition. With the 
approval of photon-counting CT (PCD-CT) for clinical use in 2021, represents the most recent innovation in 
CT technology. In terms of CT detector technology, PCD-CT employs semiconductor detectors that can directly 
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convert X-ray photons into electrical signals51,52, eliminating the need for the photoelectric conversion step 
required by EID-CT52–54. This innovation not only eradicates electronic (background) noise but also enhances 
the efficiency of X-ray photon utilization and strengthens the intensity of iodine signals. The smaller photon 
detector elements of PCD-CT significantly improve spatial resolution55,56. Additionally, by eliminating the 
septa, which were traditionally employed to prevent fluorescence cross-talk in the detector, the radiation dose is 
reduced52,56,57. Unlike EID-CT, which measures photon energy as an integrated sum of detected energies, PCD-
CT counts individual x-ray photons and their respective energies with equal weight, realizing genuine multi-
spectral imaging54. This makes CT examinations more accurate and safer, expanding the clinical applications 
of CT.

There are several limitations to this study. First, our study sample was small. Second, owing to the limitation 
of VNCa algorithm, mild BMLs directly adjacent to cortical bone can’t be displayed. Therefore, mild BMLs next 
to cortical bone are prone to loss by reason of incomplete masking of the cortex as well as spatial averaging12.

In conclusion, the VNCa dual-energy images are capable of detecting BMLs in knee OA both qualitatively 
and quantitatively. Furthermore, the pain degree increased with the severity of BMLs on VNCa images, DECT 
has the potential to predict pain by grading BMLs, thereby provide help for clinical diagnosis and treatment of 
knee OA patients.

Data availability
The original contributions presented in the study are included in the article/Supplementary Material. Further 
inquiries can be directed to the corresponding authors.
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