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Sclerotic bone lesions as a 
potential imaging biomarker for 
the diagnosis of tuberous sclerosis 
complex
Susanne Brakemeier1, Lars Vogt2, Lisa C. Adams  2, Bianca Zukunft1, Gerd Diederichs2, Bernd 
Hamm2, Klemens Budde1, Kai-Uwe Eckardt1 & Marcus R. Makowski2,3

Tuberous-sclerosis-complex (TSC) is associated with a high lifetime risk of severe complications. Clinical 
manifestations are largely variable and diagnosis is often missed. Sclerotic-bone-lesions (SBL) could 
represent a potential imaging biomarker for the diagnosis of TSC. In this study, computed tomography 
(CT) data sets of 49 TSC patients (31 females) were included and compared to an age/sex matched 
control group. Imaging features of SBLs included frequency, size and location pattern. Sensitivities, 
specificities and cutoff values for the diagnosis of TSC were established for the skull, thorax, and 
abdomen/pelvis. In TSC patients, 3439 SBLs were detected, including 665 skull SBLs, 1426 thoracal 
SBLs and 1348 abdominal/pelvic SBLs. In the matched control-collective, 157 SBLs could be found. The 
frequency of SBLs enabled a reliable differentiation between TSC patients and the control collective 
with the following sensitivities and specificities. Skull: ≥5 SBLs, 0.783, 1; thorax: ≥4 SBLs, 0.967, 
0.967; abdomen/pelvis: ≥5 SBLs: 0.938, 0.906. SBL size was significantly larger compared to controls 
(p < 0.05). Based on the frequency, size and location pattern of SBLs TSC can be suspected. SBLs may 
serve as a potential imaging biomarker in the workup of TSC patients.

Tuberous sclerosis complex (TSC) is a rare autosomal dominant disorder that affects approximately 1.5 million 
people worldwide with a birth incidence of 1 in 60001. Between 70% to 80% of patients show no family history 
of TSC and have a sporadic mutation2. Genetic testing is positive in only up to 80% of patients with mutations in 
the TSC1 or the TSC2 genes which encode for the mTOR-regulated proteins hamartin or tuberin, respectively2. 
The clinical picture is determined primarily by the uncontrolled growth of mostly benign mesenchymal tumors 
in nearly all organ systems. Clinical manifestations of TSC are highly variable depending on age and organ man-
ifestation of the respective patient3. As a consequence, the diagnosis of TSC can be difficult to establish or even 
be missed4. Approximately 50% of patients with TSC present with epileptic seizures in early childhood as a result 
of CNS involvement and diagnosis is normally confirmed without delay. In the other half of patients with TSC, 
diagnosis is mostly suspected only in case of organ complications such as acute AML bleeding5.

Current diagnostic guidelines are based on a typical combination of organ manifestations of the brain, kidney, 
skin, lung and heart (Supplementary Table)5. Even though TSC has been known for more than 130 years only a 
limited number of studies describing details of the phenotype are available, due to its low prevalence. Most pub-
lications are either case reports or include a relatively small study population6–8. However, a reliable diagnosis of 
TSC is of high importance for affected patients, especially if they are oligosymptomatic. Renal involvement with 
angiomyolipomas (AMLs) causes renal failure, which is the leading cause of death in adults with TSC9,10. Acute 
AML bleeding is also frequent in TSC patients with a lifetime risk of approximately 20%11,12.

Accumulating evidence indicates that organ manifestations of TSC (e.g. pulmonary, renal, cerebral and skin 
lesions) can be successfully treated with mTOR-inhibitors11–16. Given the combination of promising novel ther-
apeutic strategies and a high lifetime risk of life-threatening complications, missed or delayed diagnosis should 
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be avoided. A recent consensus conference emphasized this goal by defining the need for additional diagnostic 
biomarkers to improve the detection of patients with TSC17.

Previous studies have already suggested that sclerotic bone lesions (SBLs) are associated with TSC. However, 
the diagnostic potential of SBLs for the primary diagnosis of TSC has not been evaluated yet2,7,18,19.

The aim of the current study was to assess the potential of sclerotic bone lesions (SBLs) detected on CT as an 
additional imaging biomarker for the diagnosis of TSC. We compared the frequency, location and size of SBLs in 
the skull, thorax, abdomen/pelvis in TSC patients to matched healthy controls.

Material and Methods
Study population. In this study, only patients with the confirmed diagnosis of TSC, based on the current 
consensus criteria2 were included. Additionally, a CT data set of the skull, thorax and/or abdomen/pelvis had 
to be available. For details on exclusion criteria please see Fig. 1. Based on these criteria, a study population of 
49 TSC patients (31 female, age 38.6 ± 11.6 years) could be identified. Of these, 15 (30.6%) had TSC-associated 
lymphangioleiomyomatosis (LAM). In this patient collective, a CT of the skull was available in 23 patients (14 
female patients, age 37.1 ± 12.1 years), a CT of the thorax in 30 patients (24 female patients, age 39.7 ± 12.4 years) 
and a CT of the abdomen/pelvis in 32 patients (22 female patients, age 40.1 ± 12.3 years). Computed tomography 
imaging data sets were acquired between January 1992 and January 2017.

To determine the diagnostic cutoff value, a paired sex and age matched control collective was extracted from 
the imaging database of the Charité. Subjects who were referred to the emergency room and in whom a trauma 
CT was performed were included. In all control subjects, the trauma CT did not yield suspicious findings and no 
previous diseases were known based on the patients’ charts at the time of discharge from the hospital.

All data were anonymized before access by the researchers. The Charité ethics committee approved the retro-
spective study and waived the requirement for informed consent.

Diagnosis of tuberous sclerosis complex. All patients were older than 18 years. The diagnosis of TSC 
was established based on a combination of clinical and imaging findings according to the current consensus crite-
ria2. These criteria include dermatologic findings, e.g. cortical dysplasias, subependymal nodules, subependymal 
giant cell astrocytoma; of the kidney, e.g. renal angiomyolipoma, of the lung, e.g. lymphangioleiomyomatosis 
(LAM), or the heart, e.g. rhabdomyoma, or hamartoma in other organ systems such as liver, spleen or intestines 
(Supplementary Table S1)2.

Imaging protocol. CT imaging was performed with different clinical CT imaging systems (>16 slice CT sys-
tems, including Aquilion Prime, Aquilion 64, Lightspeed Ultra, and MX 16) between January 1992 and January 
2017. All images were analyzed on clinically used standard 5 mm reconstructed slices.

Imaging analysis. All images were analyzed using PACS workstations (Centricity Radiology RA1000; GE 
Healthcare, Little Chalfont, United Kingdom). Bone window settings with a window width of 1700 and a contrast 
level of 350 were used. Images were analyzed independently and randomized and blinded to all clinical informa-
tion. Additionally, sizes of focal calcifications were measured on CT images. For the detection of sclerotic bone 
lesions, consensus reading was performed by two readers (reader 1: one year of experience in the analysis of 

Figure 1. Inclusion and exclusion criteria. Overall, 89 patients with the definite TSC diagnosis were recorded. 
For 49 patients CT data sets were available, 23 with a CT of the skull, 30 with a CT of the thorax and 32 with 
a CT of the abdomen/pelvis. To determine the diagnostic cutoff value, a paired sex and age matched control 
collective was extracted from the imaging database.
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medical images, reader 2: eight years of experience in the analysis of medical images, five years of experience in 
MRI of TSC patients, radiologist). Disagreements were discussed before a single final judgment was given.

Statistical analysis. All analysis was performed with SPSS (version 24). Variables are reported as 
mean ± standard deviation. The Shapiro-Wilk-Test was used to test for normal distribution. To determine 
whether covariates such as age/sex had an influence on the significance, a univariate ANOVA with covariate 
control was used. To test for significance of SBL frequency in the different bone regions between TSC and control 
group, a univariate ANOVA with repeated measurement under covariate control was applied. The Mann-Whitney 
U test was used to determine differences in size of SBLs. To obtain cutoff values, sensitivities, specificities, positive 
and negative predictive values for the detection of SBLs a Receiver Operating Characteristic (ROC) analysis was 
performed. A p-value < 0.05 was considered to be statistically significant.

Data availability. All data generated or analyzed during this study are included in this published article.

Results
The distribution of sclerotic bone lesions (SBLs) was assessed in the complete skeletal system available by CT 
imaging (Table 1, Fig. 2).

Distribution of sclerotic bone lesions in the skeletal system. A total of 3439 SBLs were detected in 
all analyzed regions on CT. In the matched control collective, 157 SBLs could be identified. For details regarding 
the distribution and size of SBLs please refer to Fig. 3.

Frequency, size and location pattern of sclerotic bone lesions in the skull. In the skull, 665 SBLs 
(Figs 2 and 4) could be detected in TSC patients (n = 23), whereby a specific location pattern was found. Most 
lesions were detected in the os parietale with 20.3 ± 29.4 SBLs per patient. The second highest number of SBLs 
was detected in the os frontale with 7.0 ± 8.9 SBLs per patient. In the other bone regions, including the os occip-
itale and the os temporale, only a relatively low number of SBLs could be detected. The average size of SBLs was 
5.0 ± 1.82 mm. A significantly (p ≤ 0.05) larger size of SBLs was measured in the os frontale compared to the os 
parietale. In the matched control collective, 20 SBLs were identified without specific location pattern. The average 
SBL number in the control collective was 0.9 ± 1.3 SBLs per patient with a size of 2.7 ± 0.85 mm. For the os pari-
etale and os frontale, the frequency and size of SBLs was significantly (p < 0.05) higher for TSC patients compared 
to the control group.

Frequency, size and location pattern of sclerotic bone lesions in the thorax. In the thorax, 1426 
SBLs (Figs 2 and 5) could be identified in TSC patients (n = 30), whereby most lesions were detected in the 
thoracic spine with 37.6 ± 40.0 SBLs per patient (19.2 ± 28.0 vertebral body and 18.4 ± 16.5 arcus vertebrae/pro-
cessus spinosus). The size of SBLs in the arcus vertebrae/processus spinosus was significantly larger (p ≤ 0.05) 
compared to the vertebral body (7.3 ± 2.5 vs. 3.8 ± 3.0 mm). The second highest number of SBLs was detected 
in the ribs with 4.0 ± 6.3 SBLs per patient. The third highest number of SBLs was detected in the os sternale with 
3.5 ± 5.3 SBLs per patient. In the other bone regions, including the scapula and clavicula, only a relatively low 
number of SBLs could be identified. The average size of SBLs was 5.3 ± 1.9 mm. SBLs of the thoracal spine were 
significantly (p < 0.05) larger compared to SBLs of the sternum and scapula. In controls, 50 SBLs were detected 
without location pattern for the different bones of the thorax. The average number in the control collective was 
1.7 ± 1.3 SBLs per patient with a size of 2.3 ± 0.9 mm.

Frequency, size and location pattern of sclerotic bone lesions in the abdomen/pelvis. In the 
abdomen/pelvis, 1348 SBLs (Figs 2 and 6) could be detected in TSC patients (n = 32). Most of the lesions were 
located in the lumbal spine with 20.4 ± 18.2 SBLs per patient (14.0 ± 14.7 vertebral body and 6.4 ± 5.6 arcus 
vertebrae/processus spinosus). In the spine, most SBLs were detected in the lumbar part, only a smaller number 
was detected in the os sacrum. The second highest number of SBLs was detected in the pelvis with 11.3 ± 10.6 
SBLs per patient, especially in the lateral parts of the os ilium and close to the acetabulum. SBLs were significantly 
larger in the os ilium compared to the os pubis und os ischii. In the matched control collective, 87 SBLs were 
detected with no specific distribution for the different bones of the abdomen/pelvis. The average number and size 
in the control collective was 2.7 ± 1.7 SBLs per patient with a size of 3.1 ± 1. 3 mm.

Skull Thorax Abdomen

TSC Control TSC Control TSC Control

Overall number of SBL’s 665 20 1427 50 1348 86

Mean number per patient 28.9 0.87* 47.6 1.67* 42.1 2.69*

Min/Max number per patient 0–172 0–4 1–207 0–5 2–165 0–8

Mean diameter (mm) 4.92 2.46* 5.44 2.227* 6.1 3.07*

Min/Max diameter (mm) 0.7–26.0 1.2–4.4 0.6–40.1 0.7–4.9 0.6–48.0 0.7–10.7

Table 1. Distribution and frequency of SBLs of TSC patients compared to a paired control collective. *p < 0.05 
TSC patients vs matched control collective TSC: Tuberous sclerosis complex; SBL: Sclerotic bone lesion.
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In all three CT regions, no significant influence (p > 0.05) of age, sex, genetic status or LAM on the number or 
size of SBLs could be found.

Diagnostic potential of sclerotic bone lesions. Significant differences (p < 0.05) between TSC patients 
and the control collective for the overall frequency of SBLs in the different regions of the skeletal system were 
found (Table 1, Table 2). In the control group, a maximum of eight SBLs were detected per patient and region; in 
the TSC group up to 207 SBLs were found per region. Based on the number of SBLs, different diagnostic cutoffs 
could be calculated for the different regions.

In the skull, a frequency of five or more SBLs yielded the optimal cutoff value for a reliable diagnosis of TSC 
(Table 2, Fig. 4). Based on this SBL frequency, a sensitivity of 0.78, a specificity of 1, a positive predictive value 
of 1 and a negative predictive value of 0.82 with a Youden-Index of 0.78 could be calculated. The area under the 
curve was 0.87.

In the thorax, a frequency of four or more SBLs yielded the optimal cutoff value (Table 2, Fig. 5) with a sensi-
tivity of 0.97, a specificity of 0.97, a positive predictive value of 0.97 and a negative predictive value of 0.97 with a 
Youden-Index of 0.93 and an area under the curve of 0.98.

In the abdominal/pelvis, a frequency of five or more SBLs yielded the optimal cutoff value (Table 2, Fig. 6) with 
a sensitivity of 0.94, a specificity of 0.91, a positive predictive value of 0.91 and a negative predictive value of 0.94 
with a Youden-Index of 0.84. The area under the curve was 0.97.

The combination of SBL frequencies from two imaging regions resulted in a further improvement of sensi-
tivities and specificities (Table 2). If SBL frequency data from skull and thorax were combined, SBL cutoff values 
of ≥5 and ≥4 resulted in a sensitivity of 0.99 and a specificity of 1 (AUC 0.99). If SBL frequency data from skull 

Figure 2. CT imaging example of the location pattern of sclerotic bone lesions in the skull, spine, and pelvis of 
TSC patients and control subjects. (A1,A2) Transversal CT of the skull of a TSC patient and a control subject. 
(A1) A relatively high number of SBLs (indicated by white arrows) can be seen in the spongiosa of the skull. 
The highest number of SBLs can be found in the os parietale and the os frontale. (A2) Normal spongiosa of a 
control individual without focal sclerotic bone lesions. (B1,B2) Transversal CT of the spine in a TSC patient and 
a control subject. (B1) The highest number of SBLs (indicated by white arrows) can be detected in the thoracic 
spine in the vertebral body and the arcus vertebrae/processus spinosus. Other osseous structures (e.g. sternum 
or ribs) were also affected, but to a lesser degree. (B2) Normal spongiosa of a control individual without focal 
sclerotic bone lesions. (C1,C2) Transversal CT of the pelvis in a TSC patient and a control subject. (C1) In the 
abdomen/pelvis, the second-highest number of SBLs (indicated by white arrows) could be detected in the pelvis. 
The highest number could be detected in the spine (example please see Fig. 2, B1). Other osseous structures 
such as the femur were also affected, but to a lesser degree. (C2) Normal spongiosa of a control individual 
without focal sclerotic bone lesions.
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and abdomen/pelvis were combined, with SBL cutoff values of ≥5 and ≥5, a sensitivity of 0.99 and a specificity 
of 1 was achieved (AUC 0.99). If SBL frequency data from thorax and abdomen/pelvis were combined, with SBL 
cutoff values of ≥4 and ≥5, a sensitivity of 1 and a specificity of 1 was achieved (AUC 0.99). It is important to 
mention that no influence of age or sex on the frequency or distribution of SBLs was found.

Discussion
This study demonstrated that diagnosis of TSC may be suspected based on the frequency, size and location pat-
tern of sclerotic bone lesions (SBLs). If more than four SBLs were detected in a CT scan of any main body region, 
the differential-diagnosis of TSC has to be considered.

In the skull, a sensitivity of 0.78 and specificity of 1, in the thorax a sensitivity of 0.97 and a specificity of 0.97, 
and in the abdomen/pelvis a sensitivity of 0.94 and a specificity of 0.91 was achieved based on region specific 
cutoff values for the SBL frequency compared to controls. If composite scores were used, even higher sensitivities 
and specificities were achieved. As frequency and location pattern of SBLs were independent of age and sex of 
TSC patients, they could represent a potential imaging biomarker for the diagnosis of TSC especially as an index 
finding in CT scans.

Affection of the osseous system in patients with TSC. Different previous reports have already sug-
gested that the osseous system of TSC patients is affected. The association of TSC with bone cysts and focal 
sclerotic lesions has been described in case reports and smaller studies, which were published as early as in the 
1960s6–8. One of the earliest studies in this context reported that bone cysts develop predominantly in smaller 
periphery bones of the hands or feet20. In more central bones they are usually not detectable18. Bone cysts have 

Figure 3. Frequency and location pattern of sclerotic bone lesions in TSC patients and control subjects. The 
average number of SBLs per patient and the average size of SBLs is given for the different regions investigated 
by CT. (A) In the CT scan of the skull, the highest number of SBLs per TSC patient was found in the os parietale 
and os frontale, while only a small number of SBLs was found in the control collective (A1) The size of SBLs 
did not differ significantly between the different regions (A2). (B) The overall highest number of SBLs per 
TSC patient was found in the CT of the thorax (B1). The frequency of SBLs was highest in the thoracic spine. 
Besides the thoracic spine, SBLs also occurred relatively frequently in the sternum and ribs (B1). The average 
size of SBLs of TSC patients in the spine was significantly higher compared to the control collective (B2). (C) A 
relatively high number of SBLs per TSC patients was found in the abdomen/pelvis (C1). The highest frequency 
of SBLs was observed in the spine, followed by the pelvis and the femur. The frequency of SBLs in the control 
collective was relatively low. Size measurements differed significantly between TSC patients and the control 
(C2). *Indicates a significant difference (p < 0.05) between TSC patients and the matched control collective.
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initially been introduced to the diagnostic TSC guidelines as a minor criterion. However, this feature was found 
to be relatively unspecific and was therefore removed from the revised diagnostic TSC-guidelines in 20122,21.

In contrast, increasing evidence is accumulating that sclerotic bone lesions could be relevant for the diagnosis 
of TSC18. The exact etiology of SBLs is currently not fully elucidated. It is however thought that SBLs represent a 
form of hamartoma, comparable to other TSC associated brain or skin hamartomas. Currently, no clear evidence 
regarding the development or histopathology of SBLs is available6.

From a diagnostic perspective, sclerotic bone lesions (SBLs) in TSC patients are easy to detect on CT scans and 
morphologically comparable to focal bone islands or so-called enostoses. These lesions represent compact dense 
bone tissue localized in the medullary cavity of bones7. As focal bone islands have no known pathological role, 
their prevalence or anatomic distribution has not been clearly defined in the general population. It is however 
important to mention that focal sclerotic lesions in bones can also be associated with different diseases, including 
osteoblastic metastasis, mastocytosis and osteopoikilosis22. For these entities a detailed analysis of location, size 
and total frequencies of SBLs has not been performed, so far23.

Previous case reports and studies have already reported the association of sclerotic bone lesions with TSC6–8. 
A recent study by Avila et al. investigated a cohort of patients with TSC-associated lymphangioleiomyomatosis 
(LAM)18. In this study, the detailed analysis of the frequency/distribution of SBLs was limited to a relatively small 
subgroup of 15 mostly female patients without control collective.

In contrast, the present study defines cutoff values allowing a differentiation of TSC patients from control 
individuals. With regard to the location pattern of SBLs, the most promising locations to specifically search CT 
datasets for SBLs are the os parietale, frontale and occipitale, the spine, sternum, ribs and pelvis.

Pathways for the diagnosis of tuberous sclerosis complex (TSC). TSC patients with a sporadic 
mutation account for up to 80% of the overall TSC cohort. In these patients, the TSC diagnosis is usually estab-
lished on the basis of clinical signs that are diagnosed incidentally. These include typical skin lesions or clinical 
symptoms that require medical attention, e.g. seizures. As a result of the highly variable clinical picture and a rel-
atively large proportion of oligosymptomatic patients, it is assumed that a high number of TSC patients remains 
undiagnosed until adulthood when complications – like acute AML bleeding - point to the underlying disease4,17.

In a clinical setting, TSC is currently diagnosed based on specific diagnostic guidelines2. If TSC is suspected, 
systematic clinical and imaging investigations are performed with regard to these criteria to establish the diag-
nosis. Genetic analysis may also be helpful, especially in inherited cases or for genetic counselling, but is not 
required for diagnosing TSC and positive in only up to 80% of patients2. Most of the clinical signs of TSC – and 
therefore the diagnostic criteria – are age dependent, which can make the diagnosis more challenging. Potential 

Figure 4. Diagnostic value of sclerotic bone lesions in the skull. (A) The graph demonstrates the probability of 
subjects to have X or more SBLs depending on the overall number of SBLs in that region. In the TSC group, the 
number of SBLs is relatively high and varies between the subjects. In the control group the probability drops to 
0 if a threshold of five SBLs is reached. (B) ROC curve with a cutoff of five SBLs demonstrates a high sensitivity 
(0.78), specificity (1) and AUC (0.87) for the differentiation of TSC patients from controls. (C) Positive 
predictive value for a positive TSC diagnosis the specific SBL cutoff values. SBLs: Sclerotic bone lesion. ROC: 
Receiver operating characteristics.
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Figure 5. Diagnostic value of sclerotic bone lesions in the thorax. (A) The graph demonstrates the probability 
of subjects to have X or more SBLs depending on the overall number of SBLs in that region. In the TSC group 
the number of SBLs is relatively high and varies between the subjects. In the control group the probability 
drops to 0 if a threshold of five SBLs is reached. (B) ROC curve with a cutoff of five SBLs demonstrates a high 
sensitivity (0.94), specificity (0.91) and AUC (0.97) for the differentiation of TSC patients from controls. (C) 
Positive predictive value for a positive TSC diagnosis the specific SBL cutoff values. SBLs: Sclerotic bone lesion. 
ROC: Receiver operating characteristics.

Figure 6. Diagnostic value of sclerotic bone lesions in the abdomen/pelvis. (A) The graph demonstrates the 
probability of subjects to have X or more SBLs depending on the overall number of SBLs in that region. In 
the TSC group, the number of SBLs is relatively high and varies between the subjects. In the control group, 
the probability drops to 0 if a threshold of five SBLs is reached. (B) The ROC curve with a cutoff of five SBLs 
demonstrates a high sensitivity (0.94), specificity (0.91) and AUC (0.97) for the differentiation of TSC patients 
from controls. (C) Positive predictive value for a positive TSC diagnosis the specific SBL cutoff values. SBLs: 
Sclerotic bone lesion. ROC: Receiver operating characteristics.
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cerebral and heart manifestations develop during early infancy, whereas renal and skin manifestations may occur 
later during childhood3,24. Pulmonary manifestations (LAM) can be detected from late adolescence on16.

SBLs as a potential imaging biomarker could be especially important with regard to the diagnostic workup of 
the following patient collectives: First, for oligosymptomatic patients and/or younger patients, who do not fully 
meet the diagnostic TSC guideline criteria. Second, as an index finding in all patients with undiagnosed TSC, 
in which a CT scan is performed due to other clinical indications. In these patients, the recognition of SBLs as a 
typical imaging sign of TSC could represent the crucial connection towards a timely diagnosis and, if indicated, 
a specific therapy. Therefore, pediatric radiologists should also be aware of SBLs in TSC patients, however, fre-
quency of SBLs in children has yet to be investigated.

The TSC population investigated in this study is unique and has several advantages compared to previously 
performed studies18. In the current study, a relatively large adult TSC patient cohort - especially given the low 
prevalence of TSC - with a balanced distribution of sex and age was investigated. All patients were followed up 
long-term and had a confirmed diagnosis of TSC. CT scans from all relevant body regions were available for 
analysis.

Limitations of this study. Calcifications were not confirmed histologically. Due to radiation exposure, 
whole-body CT-investigations of the total TSC cohort were not available in all patients. Only adult patients were 
included in our study. The development of SBLs during childhood was not investigated due to the radiation expo-
sure associated with CT. Results were not compared to other disease entities potentially associated with SBLs such 
as mastocytosis and osteopoikilosis.

Conclusion
This study demonstrates that a potential diagnosis of TSC can be suspected based on the frequency, size and 
location pattern of sclerotic bone lesions in adult patients. As a result, SBLs could serve as a potential imaging 
biomarker in the diagnostic guidelines for TSC. The reliable diagnosis of TSC is of high clinical relevance, as novel 
therapies can be initiated to treat organ manifestations and prevent complications of TSC.

References
 1. Budde, K. & Gaedeke, J. Tuberous sclerosis complex-associated angiomyolipomas: focus on mTOR inhibition. Am J Kidney Dis. 

59(2), 276–83 (2012).
 2. Northrup, H. & Krueger, D. A. Tuberous sclerosis complex diagnostic criteria update: recommendations of the 2012 Iinternational 

Tuberous Sclerosis Complex Consensus Conference. Pediatric neurology. 49(4), 243–54 (2013).
 3. Crino, P. B., Nathanson, K. L. & Henske, E. P. The tuberous sclerosis complex. The New England journal of medicine. 355(13), 

1345–56 (2006).
 4. Holmes, G. L. & Stafstrom, C. E. Tuberous Sclerosis Study G. Tuberous sclerosis complex and epilepsy: recent developments and 

future challenges. Epilepsia. 48(4), 617–30 (2007).
 5. Brakemeier, S., Bachmann, F. & Budde, K. Treatment of renal angiomyolipoma in tuberous sclerosis complex (TSC) patients. 

Pediatric Nephrology. 32(7), 1137–44 (2017).
 6. Holt, J. F. & Dickerson, W. W. The osseous lesions of tuberous sclerosis. Radiology. 58(1), 1–8 (1952).
 7. Komar, N. N., Gabrielsen, T. O. & Holt, J. F. Roentgenographic appearance of lumbosacral spine and pelvis in tuberous sclerosis. 

Radiology. 89(4), 701–5 (1967).
 8. Umeoka, S. et al. Pictorial review of tuberous sclerosis in various organs. Radiographics: a review publication of the Radiological 

Society of North America, Inc. 28(7), e32 (2008).
 9. Shepherd, C. W., Gomez, M. R., Lie, J. T. & Crowson, C. S. Causes of death in patients with tuberous sclerosis. Mayo Clinic 

proceedings. 66(8), 792–6 (1991).
 10. Eijkemans, M. J. et al. Long-term Follow-up Assessing Renal Angiomyolipoma Treatment Patterns, Morbidity, and Mortality: An 

Observational Study in Tuberous Sclerosis Complex Patients in the Netherlands. Am J Kidney Dis. 66(4), 638–45 (2015).
 11. Bissler, J. et al. Long-term Clinical Morbidity in Patients With Renal Angiomyolipoma Associated With Tuberous Sclerosis Complex. 

Urology. 95, 80–7 (2016).
 12. Cabrera-Lopez, C. et al. Insight into response to mTOR inhibition when PKD1 and TSC2 are mutated. BMC medical genetics. 16, 39 

(2015).
 13. Cudzilo, C. J. et al. Lymphangioleiomyomatosis screening in women with tuberous sclerosis. Chest. 144(2), 578–85 (2013).
 14. Nathan, N. et al. Improvement of tuberous sclerosis complex (TSC) skin tumors during long-term treatment with oral sirolimus. 

Journal of the American Academy of Dermatology. 73(5), 802–8 (2015).
 15. Franz, D. N. et al. Everolimus for subependymal giant cell astrocytoma: 5-year final analysis. Ann Neurol. 78(6), 929–38 (2015).

Body region
Cut-off for SBL 
frequency Sensitivity Specificity PPV NPV

Youden-
Index

Skull ≥5 78.3% 100% 100% 82.1% 0.78

Thorax ≥4 96.7% 96.7% 96.7% 96.7% 0.93

Abdomen/Pelvis ≥5 93.8% 90.6% 90.9% 9.6% 0.84

Skull + Thorax ≥5 + ≥ 4 99.3% 100% 100% 99.4% 0.99

Skull + Abdomen/
Pelvis ≥5 + ≥ 5 98.6% 100% 100% 98.9% 0.99

Thorax + Abdomen/
Pelvis ≥4 + ≥ 5 99.8% 99.7% 99.7% 99.8% 0.99

Table 2. Summary of cutoff values for SBLs frequencies in the different investigated regions. PPV: Positive 
predictive value, NPV: Negative predictive value, SBL: Sclerotic bone lesion.



www.nature.com/scientificreports/

9SCientifiC REPORTS |  (2018) 8:953  | DOI:10.1038/s41598-018-19399-7

 16. Franz, D. N., Bissler, J. J. & McCormack, F. X. Tuberous sclerosis complex: neurological, renal and pulmonary manifestations. 
Neuropediatrics. 41(5), 199–208 (2010).

 17. Sahin, M. et al. Advances and Future Directions for Tuberous Sclerosis Complex Research: Recommendations From the 2015 
Strategic Planning Conference. Pediatric neurology. 60, 1–12 (2016).

 18. Avila, N. A. et al. CT of sclerotic bone lesions: imaging features differentiating tuberous sclerosis complex with 
lymphangioleiomyomatosis from sporadic lymphangioleiomymatosis. Radiology. 254(3), 851–7 (2010).

 19. Schwartz, R. A., Fernandez, G., Kotulska, K. & Jozwiak, S. Tuberous sclerosis complex: advances in diagnosis, genetics, and 
management. Journal of the American Academy of Dermatology. 57(2), 189–202 (2007).

 20. Dickerson, W. W. Nature of certain osseous lesions in tuberous sclerosis. AMA archives of neurology and psychiatry. 73(5), 525–9 
(1955).

 21. Roach, E. S., Gomez, M. R. & Northrup, H. Tuberous sclerosis complex consensus conference: revised clinical diagnostic criteria. 
Journal of child neurology. 13(12), 624–8 (1998).

 22. Ihde, L. L. et al. Sclerosing bone dysplasias: review and differentiation from other causes of osteosclerosis. Radiographics: a review 
publication of the Radiological Society of North America, Inc. 31(7), 1865–82 (2011).

 23. Grieser, T. & Minne, H. W. Systemic mastocytosis and skeletal lesions. Lancet 350, 1103–4 (1997).
 24. Krueger, D. A. Management of CNS-related Disease Manifestations in Patients With Tuberous Sclerosis Complex. Curr Treat 

Options Neurol. 15(5), 618–33 (2013).

Author Contributions
S.B.: Concept, data collection, data analysis and interpretation, drafting article; L.V., B.Z.: Data collection; 
L.C.A., B.H., K.U.E.: Data interpretation, critical revision; G.D., K.B.: Data collection, data interpretation, critical 
revision; M.R.M.: Concept, data interpretation, drafting article, critical revision.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-19399-7.
Competing Interests: S.B. has received honoraria and travel grants from Bristol-Myers Squibb, Novartis, 
Roche, Pfizer, and Alexion Astellas; K.B. has received research funds and/or honoraria from Alexion, Astellas, 
Bristol-Myers Squibb, Chiesi, Fresenius, Genentech, Hexal, Novartis, Otsuka, Pfizer, Roche, Siemens, 
and Veloxis Pharma; K.U.E., L.V., L.A., G.D., B.H. and M.R.M. declare no financial relationships with any 
organisations that might have an interest in the submitted work in the previous three years; all authors declare 
no other relationships or activities that could appear to have influenced the submitted work.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-19399-7
http://creativecommons.org/licenses/by/4.0/

	Sclerotic bone lesions as a potential imaging biomarker for the diagnosis of tuberous sclerosis complex
	Material and Methods
	Study population. 
	Diagnosis of tuberous sclerosis complex. 
	Imaging protocol. 
	Imaging analysis. 
	Statistical analysis. 
	Data availability. 

	Results
	Distribution of sclerotic bone lesions in the skeletal system. 
	Frequency, size and location pattern of sclerotic bone lesions in the skull. 
	Frequency, size and location pattern of sclerotic bone lesions in the thorax. 
	Frequency, size and location pattern of sclerotic bone lesions in the abdomen/pelvis. 
	Diagnostic potential of sclerotic bone lesions. 

	Discussion
	Affection of the osseous system in patients with TSC. 
	Pathways for the diagnosis of tuberous sclerosis complex (TSC). 
	Limitations of this study. 

	Conclusion
	Figure 1 Inclusion and exclusion criteria.
	Figure 2 CT imaging example of the location pattern of sclerotic bone lesions in the skull, spine, and pelvis of TSC patients and control subjects.
	Figure 3 Frequency and location pattern of sclerotic bone lesions in TSC patients and control subjects.
	Figure 4 Diagnostic value of sclerotic bone lesions in the skull.
	Figure 5 Diagnostic value of sclerotic bone lesions in the thorax.
	Figure 6 Diagnostic value of sclerotic bone lesions in the abdomen/pelvis.
	Table 1 Distribution and frequency of SBLs of TSC patients compared to a paired control collective.
	Table 2 Summary of cutoff values for SBLs frequencies in the different investigated regions.




