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Objective: To evaluate the role of pre-therapeutic 18F-FDG PET/CT in pediatric hemophagocytic lymphohistiocytosis (HLH) with Epstein-Barr virus (EBV) infection.

Methods: This retrospective study included 29 HLH children (1–16 years) with EBV infection, who underwent pre-therapeutic 18F-FDG PET/CT from July 2018 to November 2020. Pathology results were considered as the reference standard. These patients were divided into two groups: EBV-induced malignancy-associated HLH (M-HLH, N = 9) and EBV-induced non-malignancy-associated HLH (NM-HLH, N = 20). The regions of interest (ROIs) of the liver, spleen (Sp), bone marrow (BM), lymph nodes (LN), hypermetabolic lesions, liver background (LiBG), and mediastinum (M) were drawn with software 3D-Slicer. The volumetric and metabolic parameters, including maximum standard uptake value (SUVmax), metabolic tumor volume, and total lesion glycolysis of these ROIs, clinical parameters, and laboratory parameters were compared between the two groups. The efficiency of the above parameters in predicting the treatment response and overall survival (OS) was analyzed.

Results: Receiver operating characteristic curve analysis indicated that SUVmax-lesions and SUVmax-LN/M (AUC = 0.822, 0.819, cut-off = 6.04, 5.74, respectively) performed better in differentiating M-HLH from NM-HLH. It had the best diagnostic performance when age was added with the SUVmax-LN/M (AUC = 0.933, sensitivity = 100%, specificity = 85.0%). The presence of extranodal hypermetabolic lesions in multiple organs indicated the M-HLH (P = 0.022). Older age, higher SUVmax-LN and SUVmax-lesions, and the presence of serous effusion were associated with poorer treatment response at the 2nd and 4th week (not reaching partial remission). Multivariate analysis showed that SUVmax-lesions > 7.66 and SUVmax-Sp/LiBG > 2.01 were independent prognostic factors for overall survival (P = 0.025, 0.036, respectively).

Conclusions: 18F-FDG PET/CT could be a valuable technique for identifying the underlying malignancy and predicting prognosis in pediatric HLH with EBV infection. M-HLH could be considered when SUVmax-lesions > 6.04, SUVmax-LN/M > 5.74, and the presence of extranodal hypermetabolic lesions in multiple organs on 18F-FDG PET/CT. SUVmax-lesions and SUVmax-Sp/LiBG might be independent prognostic factors for OS.
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INTRODUCTION

Hemophagocytic lymphohistiocytosis (HLH) is a clinical syndrome of uncontrolled activation of the immune system due to a variety of reasons, charactering as excessive elevated inflammatory cytokines and multiple organs damages (1). As a rare disease with poor outcomes, HLH have an estimated yearly incidence of one to ten per million children and a five-year survival rate of 54% (2, 3). HLH can be classified into two forms, primary HLH with related gene mutations, and secondary HLH associated with infection, malignancy, or autoimmune disorders (4).

The incidence of HLH with Epstein-Barr virus infection is especially high in Asia (5). In the background of EBV infection, HLH can be driven by pure EBV infection (abbreviated as EBV-HLH in the paper), chronic active EBV infection [CAEBV, which has been defined by the World Health Organization classification as lymphoproliferative disorders (LPD)], and lymphoma (6). LPD can be divided into grade 1–3, corresponding to category A1–A3 classified by Ohshima et al. (7). The LPD grade 3 is considered as malignant disorders (8). Patients with EBV-induced malignancy-associated HLH (abbreviated as M-HLH in the study, including LPD grade 3 and lymphoma) have poorer prognosis than EBV-induced non-malignancy-associated HLH (abbreviated as NM-HLH, including LPD grade 1–2 and EBV-HLH). It is reported that higher pathologic grade predicts poorer prognosis (9). M-HLH patients would die of fulminant disease progression without intensive treatment, such as aggressive immune suppression, chemotherapy, and allogeneic hematopoietic stem cell transplant (8). However, it is difficult to differentiate M-HLH from NM-HLH, owing to the high overlap of clinical manifestation.

18F-FDG PET/CT is a whole-body scan widely used in many diseases, such as infection, malignant disease, and rheumatic immunity disease (10). In varieties of lymphoma, it is used in differential diagnosis, treatment decision, response evaluation and prognosis prediction (10, 11). 18F-FDG PET/CT is better than conventional radiography, as it can display the extranodal lesions better and measure the metabolism in semi-quantitative analysis (12). 18F-FDG PET/CT could evaluate the involved organs of potential disease in HLH and guide the biopsy of lesions (13). In HLH with EBV infection, 18F-FDG PET/CT is now recommended for the detection of neoplastic lesions, as the lymph nodes and extranodal organs are usually involved, especially in M-HLH (6). Moreover, studies reported that PET/CT parameters, such as SUVmax spleen/mediastinum ratio, could predict prognosis of HLH (14).

We speculate that 18F-FDG PET/CT plays a certain role in detecting the potential malignancy and predicting prognosis in pediatric HLH with EBV infection, which is not investigated by now. Therefore, this study mainly included two aspects, to differentiate M-HLH from NM-HLH, and to predict the treatment response and overall survival (OS) by 18F-FDG PET/CT.



MATERIALS AND METHODS


Patients

A total of 29 children (≤ 16 years old) were analyzed retrospectively. They were all newly diagnosed HLH with EBV infection and received pre-therapeutic 18F-FDG PET/CT from July 2018 to November 2020. All patients met the diagnostic criteria of HLH-2004 protocol and the criteria of EBV infection (15, 16), and the latter included serological evidence of acute or active EBV infection, evidence of EBV DNA in the blood and/or EBER positive in the tissue. Patients were excluded if they had received clinical therapy, including chemotherapy, targeted therapies, or corticosteroid before the scans, or colony-stimulating factor therapy within one week. In all enrolled patients, the potential causes of HLH were diagnosed according to the pathologic findings of lymph nodes, bone marrow or lesions. Then according to the pathology results, patients were divided into two groups, M-HLH and NM-HLH. The patients were followed up until October 2021 by telephone or medical records. OS was calculated from the date of the scan to the date of death for any cause or to the date of last follow-up. The institutional ethics committee of Beijing Friendship Hospital, Capital Medical University, approved the retrospective study and waived the requirement for written informed consent (Figure 1).
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FIGURE 1. Flow diagrams of study populations. a: category A1, b: category A2, c: category A3, in classification with the pathological categories proposed by Ohshima et al. (7). HLH, hemophagocytic lymphohistiocytosis; EBV, Epstein-Barr virus; M-HLH, EBV-induced malignancy-associated HLH; NM-HLH, EBV-induced non-malignancy-associated HLH; EBV-HLH, HLH driven by pure EBV infection; CAEBV, chronic active EBV infection; LPD, lymphoproliferative disorders; HL, Hodgkin's Lymphoma; NHL, non-Hodgkin's lymphoma.




18F-FDG PET/CT Acquisition

All 18F-FDG PET/CT scans were performed with a Siemens mCT PET/CT scanner (Siemens Medical Solution, Erlangen, Germany). Patients were fasted for more than 6 h, and blood glucose level was controlled at <7.1 mmol/L, before the intravenous administration of 18F-FDG (3.7 MBq/kg). A scan from the head to the mid-thigh was performed 60 min after injection. The CT scan was obtained at 120 kV, 200 mA and 3 mm thickness. Then PET was obtained in 3-dimensional mode at 2 min/bed. The CT-based, attenuation-corrected PET images were reconstructed with an iterative algorithm.



Image Analysis

18F-FDG PET/CT images were analyzed by two experienced nuclear medicine physicians on 3D-Slicer (A free and open-source software, widely used by physicians and researchers). The whole liver, spleen and lumbar 1–5 vertebra were drawn as regions of interest (ROIs) of the liver (Li), spleen (Sp), bone marrow (BM), respectively. ROIs of lymph nodes (LN) were drawn on all lymph nodes with short diameter > 0.5 cm. ROIs of lesions were drawn in all the lymph nodes and extranodal lesions. And the extranodal lesions were defined as lesions with higher FDG uptake than the background tissue in extranodal organs, excluding physiological uptake. The SUVmax of the liver background (LiBG) and mediastinum (M) were determined by a 3-cm spheric ROI in the liver and a circular ROI drawn within the walls of the aortic arch, respectively. Then metabolic and volumetric parameters, including maximum standard uptake value (SUVmax), metabolic tumor volume (MTV) and total lesion glycolysis (TLG) of these ROIs, were calculated by the software. The volumetric parameters of liver and spleen were corrected by body surface area [Du Bois (17)] and were abbreviated as MTVc and TLGc. Hypermetabolic LN, Li, Sp or BM were defined when their SUVmax > 2.5 or SUVmax > SUVmax-LiBG. Hepatomegaly and splenomegaly were considered when the inferior margin over the costal margin. Lymphadenopathy was considered when short-axis diameter more than 15 mm for Level II and 10 mm for others (18).



Clinical Information Review

All clinical information was reviewed from medical records, including age, gender, and laboratory results. The laboratory results were obtained within one week before the PET/CT scan, including blood routines (ANC, Hb, PLT), blood biochemical results (albumin, fibrinogen, TG, ALT, AST, LDH), serum cytokine levels (IFN-γ, TNF-α, IL-6, IL-10), serum ferritin, soluble CD25 (sCD25), NK cell activity, EBV DNA copies, ESR, and CRP.

The treatment response of HLH was assessed according to the evaluation criteria proposed by Midwest Collaboration Group of the United States and was divided into three categories: complete remission, partial remission, and no remission (19). The evaluation depended on the following quantified symptoms and laboratory markers of HLH, including levels of sCD25, serum ferritin, blood cell counts (ANC, Hb, PLT), TG, ALT, presence of hemophagocytosis in pathology specimens, and level of consciousness (in patients with central nervous system involvement).



Statistical Analysis

Data were analyzed with SPSS 26.0 (IBM, Armonk, USA) and figures were generated using GraphPad Prism 8 (GraphPad Software, San Diego, CA). Continuous variables with a skewed distribution were presented as median (range). Categorical variables were presented as numbers [percentages (%)]. Continuous variables were compared using the Mann-Whitney U test, and categorical variables were analyzed with the two-sided Fisher's exact test. Spearman correlation analysis was used for correlation analysis. The positive or negative relationship was interpretated as very high, high, moderate, low, or negligible (|r| = 0.90–1.00, 0.70–0.89, 0.50–0.69, 0.25–0.49, 0–0.24, respectively). Receiver operating characteristic (ROC) curves were calculated to determine the optimal cut-off value. In univariate analysis of OS, the Kaplan-Meier method and log-rank test were used. The Cox proportional hazards model was used for the multivariate analysis of OS. In univariate analysis, P < 0.02 was considered statistically significant, and P < 0.05 was considered statistically significant in other condition. #P < 0.02, *P < 0.05, **P < 0.01.




RESULTS


Patients' Characteristics

A total of 29 children aged 1–16 years (median age, 7 years, male: female = 1:1.1) were enrolled in this study. All children were diagnosed by pathological examination. There were 20 cases in NM-HLH group (including nine cases of EBV-HLH and 11 cases of LPD grade 1–2) and nine cases in M-HLH group (including four cases of LPD grade 3 and 5 cases of lymphoma) (Figure 1). The general information and laboratory parameters are listed in Table 1.


Table 1. Characteristics of patients and comparison of clinical and 18F-FDG PET/CT findings between M-HLH and NM-HLH.
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Diagnostic Performance of 18F-FDG PET/CT for Detecting M-HLH

In qualitative and visual analysis, almost all M-HLH children had lymphoma-like presentation in 18F-FDG PET/CT, including multiple enlarged lymph nodes with obviously increased FDG uptake, local mass of fused lymph nodes, and/or extronodal lesions, etc. (Figure 2). The presence of extranodal hypermetabolic lesions is helpful for differentiating M-HLH from NM-HLH (P = 0.074), and the involvement of multiple organs had better diagnostic performance (P = 0.022) (Table 1). The affected organs included spleen, liver, bone marrow, brain, lung, intestine, kidney, adrenal gland, skin, nasal mucosa, muscle, etc. Five of the six patients of NM-HLH with extranodal lesions had only single organ involvement, including bone marrow involvement in one patient with EBV-HLH, spleen, bone marrow, adrenal gland, or muscles involvement in four patients with LPD grade 1–2 (Figure 3).


[image: Figure 2]
FIGURE 2. 18F-FDG PET/CT findings of M-HLH. (A–D) A 6-year-old boy with HL, had multiple enlarged hypermetabolic lymph nodes and extronodal hypermetabolic lesions in multiple organs (nasal mucosa, liver, lung, adrenal gland, kidney, and bone marrow). (E,F) A 6-year-old boy with LPD grade 3, had local mass of fused lymph nodes in the neck; (G–I), a 10-year-old girl with NHL, had multiple enlarged hypermetabolic lymph nodes and extronodal hypermetabolic lesions in terminal ileum and skin. (J–L) A 10-year-old girl with NHL, had hypermetabolic lesions in nasopharynx and multiple lesions in scapula and femur. HLH, hemophagocytic lymphohistiocytosis; M-HLH, EBV-induced malignancy-associated HLH; LPD, lymphoproliferative disorders; HL, Hodgkin's Lymphoma; NHL, non-Hodgkin's lymphoma.
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FIGURE 3. 18F-FDG PET/CT findings of NM-HLH. (A,B) A 5-year-old girl with EBV-HLH. (C,D) A 3-year-old girl with LPD grade 2. (E,F) a 2-year-old boy with LPD grade 1. (G,H) A 12-year-old boy with LPD grade 2. (I,J) A 11-year-old boy with LPD grade 2. NM-HLH patients usually show multiple lymph nodes with slightly or moderate increased FDG uptake, in bilateral cervical, mediastinal, axillary, retroperitoneal, pelvic and/or inguinal regions (A–D,E,G,J), without extranodal organ involvement (A,C). Sometimes, however, NM-HLH could show extranodal lesions in single organ, such as bone marrow (F), spleen (H), adrenal gland (J), or muscles. HLH, hemophagocytic lymphohistiocytosis; EBV, Epstein-Barr virus; NM-HLH, EBV-induced non-malignancy-associated HLH; EBV-HLH, HLH driven by pure EBV infection; LPD, lymphoproliferative disorders.


The lymph nodes and lesions of M-HLH had higher FDG uptake than NM-HLH based on visual analysis (Figures 2, 3). For example, two patients diagnosed as NHL, LPD grade 3, presented as multiple normal-size lymph nodes with obviously increased FDG uptake. And almost all the NM-HLH patients with enlarged lymph nodes (8/9), mostly LPD grade 1–2, had lower FDG uptake than M-HLH.

Then the quantitative and semi-quantitative analysis were inducted, and the level of age, SUVmax-lesions, SUVmax-LN, SUVmax-LN/M, MTV-LN, TLG-LN, MTVc-Sp and TLGc-Sp were significantly higher in M-HLH than in NM-HLH (P = 0.004, 0.005, 0.004, 0.005, 0.018, 0.015, 0.011, 0.011, respectively, Table 1; Figures 4A–H). However, there were no significant difference of the laboratory parameters and the other PET/CT findings between the two groups (Table 1).
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FIGURE 4. Diagnostic ability of metabolic and volumetric parameters of 18F-FDG PET/CT in differentiating M-HLH from NM-HLH. The age (A), SUVmax-lesions (B), SUVmax-LN (C), SUVmax-LN/M (D), MTV-LN (E), TLG-LN (F), MTVc-Sp (G), TLGc-Sp (H) were significantly higher in M-HLH than NM-HLH (P = 0.004, 0.005, 0.004, 0.005, 0.018, 0.015, 0.011, 0.011, respectively). Receiver operating characteristic curve indicated that the combination of age and SUVmax-LN/M had the best diagnostic performance in differentiating M-HLH from NM-HLH (I, red line). Besides, SUVmax-lesions was better than SUVmax-LN and SUVmax-LN/M, with higher sensitivity and accuracy (I, yellow line). HLH, hemophagocytic lymphohistiocytosis; EBV, Epstein-Barr virus; M-HLH, EBV-induced malignancy-associated HLH; NM-HLH, EBV-induced non-malignancy-associated HLH; SUVmax, maximum standard uptake value; MTV, metabolic tumor volume; TLG, total lesion glycolysis; Sp, spleen; LN, lymph nodes; M, mediastinum; c, corrected; AUC, area under the curve. *P < 0.05, **P < 0.01.


The ROC curve analysis showed that the age, SUVmax-lesions, SUVmax-LN, SUVmax-LN/M, MTV-LN, TLG-LN, MTVc-Sp and TLGc-Sp were all able to differentiate M-HLH from NM-HLH with AUC of 0.833, 0.822, 0.828, 0.819, 0.778, 0.783, 0.794, 0.794, respectively (Table 2). SUVmax-LN/M (cut-off = 5.74) showed better performance than other parameters of lymph nodes and spleen, with high specificity (90%), low sensitivity (66.7%), and median accuracy (79.3%). Comparing to SUVmax-LN/M, SUVmax-lesions had higher sensitivity and accuracy, with the involving of the metabolic parameters of extranodal lesions (cut-off = 6.04, specificity = 90%, sensitivity = 77.8%, accuracy = 86.2%). The addition of combining variables might improve the diagnostic performance, with logistic regression method. Due to the linear correlation among the above PET parameters (variance inflation factor > 5), the age was combined with each PET parameter. Finally, combining the age with SUVmax-LN/M showed the best diagnostic efficiency, with increased specificity of 85% and sensitivity of 100% (AUC = 0.933) (Table 2; Figure 4I).


Table 2. Diagnostic ability of metabolic and volumetric parameters of 18F-FDG PET/CT in differentiating M-HLH from NM-HLH.
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Correlation Analysis Between 18F-FDG PET/CT Parameters and HLH Related Laboratory Parameters

In this study, the metabolic parameters of spleen and bone marrow correlated with the laboratory parameters related to HLH (Table 3, other parameters were not listed). SUVmax-SP showed a low positive correlation with serum ferritin, TG, IFN-γ, IL-6 (r = 0.432, P = 0.019; r = 0.374, P = 0.046; r = 0.492, P = 0.007; r = 0.452, P = 0.014). SUVmax-SP/M had a low to moderate positive correlation with TG, sCD25 and IL-6 (r = 0.370, P = 0.048; r = 0.374, P = 0.046; r = 0.514, P = 0.004). SUVmax-BM had a moderate positive correlation with IFN-γ (r = 0.515, P = 0.004). SUVmax-BM/M had a low negative correlation with Hb (r = −0.412, P = 0.026).


Table 3. Correlation analysis between 18F-FDG PET/CT parameters and HLH related laboratory parameters.
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Prognostic Analysis

After a median follow-up of 88 weeks (range 3–156 weeks), 4 (13.8%) patients died, including two died of severe infection and multiple organs failure, one died of liver failure and disseminated intravascular coagulation before transplantation, and one died of severe infection after transplantation.

The treatment response of patients was evaluated at the 2nd, 4th, 6th, and 8th week (25, 24, 23 and 22 patients, respectively). The study found that the older age, increased TLGc-Sp, SUVmax-BM, SUVmax-LN, SUVmax-lesions, and the existence of serous effusion were related to the poorer treatment response at the 2nd week (not reaching partial remission) (P = 0.03, 0.048, 0.007, 0.031, 0.014, 0.036, respectively). Older age, increased SUVmax-LN, SUVmax-lesions, and the existence of serous effusion were related to the poorer treatment response at the 4th week (P = 0.003, 0.047, 0.001, 0.047, respectively). The treatment response of the 6th and 8th week were not analyzed as there were few patients reaching partial remission (three and four patients, respectively).

In the prediction of OS, the univariate analysis showed that the elevated metabolic parameters of the spleen, lymph nodes, and lesions, including SUVmax-lesions, SUVmax-LN, SUVmax-LN/LiBG, SUVmax-Sp, SUVmax-Sp/M, SUVmax-Sp/LiBG, and the level of IL-6, were prognostic factors (P < 0.001, P = 0.011, 0.019, 0.005, 0.016, 0.001, 0.018, respectively, Table 4). As the linear correlation among the metabolic parameters of the spleen or of the lymph nodes, only the parameters with the smallest P value were enrolled in multivariate analysis. Besides, the previous studies had reported that malignancy was a prognostic factor. Therefore, five parameters including malignancy, IL-6, SUVmax-lesions, SUVmax-Sp/LiBG, and SUVmax-LN were analyzed. Finally, the multivariate analysis showed that only SUVmax-lesions and SUVmax-Sp/LiBG were independent prognostic factors (cut-off = 7.66, P = 0.025; cut-off = 2.01, P = 0.036) (Table 4; Figure 5).


Table 4. Univariate and multivariate analysis for overall survival in pediatric HLH with EBV infection.
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FIGURE 5. Kaplan–Meier survival curves of pediatric HLH with EBV infection, with SUVmax-lesions (A), SUVmax-Sp/LiBG (B). In multivariate analysis, SUVmax-lesions > 7.66 and SUVmax-Sp/LiBG > 2.01 were independent prognostic factors for overall survival (P = 0.025, P = 0.036, respectively). HLH, hemophagocytic lymphohistiocytosis; EBV, Epstein-Barr virus; SUVmax, maximum standard uptake value; Sp, spleen; LiBG, liver background. * P < 0.05.





DISCUSSION

It is quite important to distinguish M-HLH from NM-HLH, and to find other prognostic factors for pediatric HLH with EBV infection. For children with M-HLH and poor prognosis, it's necessary to take more active and earlier treatments, such as chemotherapy and hematopoietic stem cell transplant, which might improve the prognosis (6, 20). The present study found that SUVmax-lesions, SUVmax-LN/M, and the union of age and SUVmax-LN/M had better diagnostic performance in differentiating M-HLH from NM-HLH. Besides, the presence of extranodal hypermetabolic lesions in multiple organs indicated the M-HLH. Moreover, 18F-FDG PET/CT parameters of the spleen and bone marrow correlated with some parameters related to the activity of HLH. The multivariate analysis showed that the SUVmax-lesions > 7.66 and SUVmax-Sp/LiBG > 2.01 were independent prognostic factors for OS.

There are no characteristic findings on 18F-FDG PET/CT in pediatric HLH with EBV infection. And the main purpose of using 18F-FDG PET/CT is to find neoplastic lesions in lymph nodes or extranodal organs and to guide biopsies (6). The general findings usually indicate high inflammatory status, including hepatomegaly and splenomegaly with elevated FDG uptake, diffuse elevated FDG uptake in the bone marrow, and serous effusion (21). In our study, there were also multiple lymphadenomegaly and extranodal lesions with increased FDG uptake except for the above findings. The extranodal involved organs included spleen, liver, bone marrow, brain, lung, intestine, kidney, adrenal gland, skin, nasal mucosa, and muscle, etc.

In the visual differential diagnosis in pediatric HLH with EBV infection, this study found that lymphoma-like presentation, including multiple enlarged lymph nodes with obviously increased FDG uptake, local mass of fused lymph nodes, and/or extronodal lesions especially in multiple organs, could indicate the M-HLH. However, enlarged lymph nodes are common in NM-HLH patients, such as infectious mononucleosis and LPD grade 1–2 (22, 23). Therefore, it is important to consider the size, metabolism, and anatomical changes of lymph nodes comprehensively. On the contrary, some kinds of lymphoma do not show enlarged lymph nodes, such as EBV associated extranodal NK/T cell lymphoma, mainly affecting extranodal tissue, which is common in Asia (24). A previous study reported that hypermetabolic lesions in extranodal organs, such as liver, spleen and bone marrow, often indicated the involvement of HL and invasive NHL (25). Hence, the presence of extranodal hypermetabolic lesions, especially in multiple extranodal organs, was of great significance in the diagnosis of M-HLH. And it was consistent with previous studies, which suggested single extranodal organ involvement sometimes indicated NM-HLH (23, 26–28).

The present study found that semi-quantitative measurement of metabolic parameters of lymph nodes and extranodal organs might be helpful in distinguishing M-HLH from NM-HLH. It's reported that the FDG uptake of lymph nodes is related with invasiveness of the disease (29). Okano et al. found that increased SUVmax-LN and SUVmax-lesions indicated the lymphoma-associated HLH with cut-off value of 3.3, 5.5, respectively (21). In the study, the level of FDG uptake of the lymph nodes and extranodal lesions, including SUVmax-LN, SUVmax-LN/M, MTV-LN, TLG-LN, and SUVmax-lesions, could help determine M-HLH. The best cut-off value of SUVmax-LN and SUVmax-lesions were both 6.04, which were higher than in adults, and it might be resulted from the physiological increased uptake of cervical lymph nodes in children (30). Comparing to SUVmax-LN and SUVmax-LN/M, the study showed that SUVmax-lesions had similar AUC and higher sensitivity and accuracy in detecting M-HLH, which indicated that the addition of the metabolic information of extranodal lesions could help finding the M-HLH better. In addition, it's reported that elder children are more likely to develop M-HLH with EBV infection (28). So age was combined with the above metabolic parameters separately in the differentiation analysis in our study. And we found that the combination of age and SUVmax-LN/M performed best. A study reported that some laboratory parameters, such as fibrinogen <1.5g/L, PLT <40g/L and LDH > 100U/L, were helpful in finding M-HLH (31). In our study, however, there was no significant difference in laboratory results between M-HLH and NM-HLH.

Due to the diversity and heterogeneity of pathology in EBV-associated disease, varying from LPD grade 1–3 to lymphoma, 18F-FDG PET/CT is recommend to find the possible neoplastic lesions and to determine the most appropriate biopsy site according to the metabolic and anatomic information (6). However, it's important for physicians to note the following tips in using PET/CT scans. Firstly, physicians should adequately consider the radiation dose for children, identify those who really need the scan by preliminary screening examination, such as ultrasound. Moreover, physicians should be aware of the limitations of 18F-FDG PET/CT, for example, false positive conditions in the Waldeyer's ring and gastrointestinal tract, and false negative conditions in mantle cell lymphoma and peripheral T-cell lymphoma (32). Furthermore, it's important to know that pathological biopsy is still the gold standard in differential diagnosis. In the study, one patient with T-cell NHL demonstrated as non-malignancy disease on PET/CT, only showing slightly increased FDG uptake in bone marrow. Besides, one NM-HLH patient mimicked the lymphoma on PET/CT, with multiple enlarged and hypermetabolic lymph nodes, and extranodal lesions in multiple organs (liver, bone marrow and lungs), which finally proved to be LPD grade 2.

The present study indicated that FDG uptake of the spleen and bone marrow might correlate with the inflammation of the body and the activity of HLH (33). Some laboratory parameters, including serum ferritin, TG, sCD25, IFN-γ, IL-6, IL-10 and TNF-α, could reflect the level of “inflammatory storm, which lead to the “sepsis-like symptoms” and organs injuries in HLH (34–36). It's reported that IFN-γ plays an essential role in the procedure, promoting the activation of mononuclear macrophages and resulting in hemophagocytosis (13). Yang et al. found that IL-6 seemed to play a similar but weaker role in causing organ damage than IFN-γ (34). In this study, the level of FDG uptake of the spleen positively correlated with IFN-γ and IL-6, which was consistent with previous studies. Besides, the metabolism of the bone marrow could reflect the hematopoiesis in it, because of its negative correlation with hemoglobin.

18F-FDG PET/CT parameters could predict the treatment response and OS in pediatric HLH with EBV infection, which were rarely studied in the previous studies. The present study showed that older age, higher SUVmax-LN, and SUVmax-lesions indicated worse therapeutic effect at early treatment evaluation at the 2nd and 4th week, for they were related to M-HLH. And the higher FDG uptake of the spleen and bone marrow might indicated worse therapeutic effect at the 2nd week, for they were related to higher inflammatory status.

Our study found that SUVmax-Sp/LiBG and SUVmax-lesions were independent prognostic factors in HLH with EBV infection children. The cut-off value of SUVmax-Sp/LiBG (2.01) was higher than Kim's study in adult (1.19) (37). Kim et al. also suggested that elevated SUVmax-BM, SUVmax-Sp, SUVmax-BM/LiBG were related to poorer prognosis (37). Besides, Zheng et al. reported that treatment strategy, serum fibrinogen and SUVmax-Sp/M were independent prognostic factors (14). The elevated FDG uptake of spleen is reported to be resulted from the activation of T cells and macrophages stimulated by IFN-γ (38). In other disease, Xia et al. retrospectively analyzed 141 patients with extranodal NK/T lymphoma and found that SUVmax-lesions ≥ 9.65 was associated with poor prognosis (39).

In the study, the univariate analysis also showed that the metabolic parameters of lymph nodes and IL-6 were related to OS. The baseline SUVmax, TLG and MTV of lymph nodes were related to OS in lymphoma, including HL, diffuse Large B-cell lymphoma, follicular lymphoma, peripheral T lymphocyte lymphoma, extranodal NK/T lymphoma, etc. (11, 40). Besides, elevated IL-6 indicates strong “inflammatory storm,” suggesting the internal environment disturbance and a high mortality rate. Lu et al. found that IL-6 ≥ 18.59 pg/mL was one of the independent prognostic factors in 155 adults with HLH (41). Chen et al. found that IL-6 and IL-10 were prognostic factors in children with CAEBV (9). In the study, we did not find the relationship between volumetric parameters of lymph nodes and prognosis, which might because of the small sample size.

There were some limitations in this retrospective study. Firstly, due to the insufficient sample size, there were no verification group. Secondly, despite using pathology as a standard reference, differentiation between different pathologic types remains challenging. In the future, studies with large sample size in multicenter are needed to evaluate the value of 18F-FDG PET/CT in pediatric HLH with EBV infection.



CONCLUSION

In conclusion, the study finds that 18F-FDG PET/CT plays a certain role in pediatric HLH with EBV infection. M-HLH should be considered when SUVmax-lesions > 6.04, SUVmax-LN/M > 5.74 and the presence of extranodal hypermetabolic lesions in multiple organs. The FDG uptake of the spleen and bone marrow correlates with the activity of HLH. SUVmax-lesions > 7.66 and SUVmax-Sp/LiBG > 2.01 are independent prognostic factors for OS in pediatric HLH with EBV infection.
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