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Abbreviations 

 

HNC = head and neck cancer  

HNSCC = head and neck squamous cell carcinoma  

N-stage = nodal stage  

N-staging = Nodal staging  

N0 = Node negative neck  

FNAC = Fine needle aspiration cytology 

US= ultrasound  

USgFNAC = Ultrasound guided fine needle aspiration cytology  

Fused-USgFNAC= Real time fused image guided fine needle aspiration cytology  

SNB = Sentinel node biopsy 

ND = Neck dissection 

END = Elective neck dissection 

SND = Selective neck dissection 

CT = Computed tomography 

PET = positron emission tomography 

18-F FDG = 18F-fluordeoxyglucose 

SUV = standardized uptake value 

SUVmax = maximal standardized uptake value 

MRI = Magnetic resonance imaging 

DWI = Diffusion weighted imaging 

ADC = Apparent diffusion coefficient 

DW-MRI = diffusion weighted magnetic resonance imaging 

PDI = Power Doppler imaging 

PDUS = Power Doppler ultrasound 

MFI = Micro flow imaging 

RT = Radio therapy 

CRT = chemo-radiation therapy   
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General Introduction 

 

Squamous cell carcinoma (SCC) of the mucosal linings of the head and neck (HN) 

globally is the seventh most common malignancy and accounts for around 4% of all 

malignancies. [1] [2] [3] The presence of cervical lymph node metastases will reduce 

expected survival  with approximately 50% [4]. Therefore it is, next to tumor 

volume, one of the most important predictors for survival. [5] 

Managing of HNSCC often includes neck dissection (ND), radiotherapy (RT) or 

chemo-radiation therapy (CRT).  ND and RT might well have a high impact of neck 

functionality. To provide an optimal personalized treatment with minimized 

treatment morbidity accurate cervical nodal staging (N-staging) is most important. 

[6] [7] 

The neck is divided into neck levels which are used to describe the position of the 

nodes. (Fig.1) 

 

Figure 1: lymph node levels in head and neck 

This figure demonstrates the levels of the neck which are used to describe the 

position of the lymph nodes at palpation or imaging   

Depending on the location of the primary tumor, metastatic spread can be 

expected in the first “nodes at risk” in corresponding drainage levels. Knowledge 

about neck level involvement will lead to precise treatment planning with either 
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selective neck dissection (SND) of involved levels only or level based radiation 

therapy planning.   

N-staging of HNSSC refers to assessment of the lymph node metastases for 

primary HNSSC. N-Staging is categorized by location, number, lateralization, size, 

presence of extra nodal extension (ENE) and is different for human papilloma 

virus related HNSCC (HPV-related). 

Regional node metastases can be evaluated clinically (cN) or pathologically (pN). 

cN-staging includes information about palpation of the neck, imaging and fine 

needle aspiration and pN-Staging about histopathological results of neck 

dissection (ND). 

Exact N-staging is essential for predicting survival and individualized treatment 

planning which is a balancing act between sufficient radical treatment and 

preservation of functional structures. If the probability of occult metastases is less 

than 20% watchful-waiting policy instead of elective neck dissection can be 

considered [8], although there is a tendency to perform elective neck treatment 

or Sentinel node biopsy also in these cases. 

Next to physical examination, imaging plays a  crucial role in assessing tumor 

volume and lymph node metastases.[9][10] 

Palpation of the neck for lymph nodes has an overall sensitivity of  around 60-

70%. [11] That means that around 30-40% of lymph node metastases are at 

palpation clinically occult (cN0).  

To detect these palpatory occult metastases  Ultrasound (guided-fine-needle-

aspiration-cytology) (US(gFNAC), computed tomography (CT), magnetic resonance 

imaging (MRI) and 18F-fluordeoxyglucose (FDG) positron emission 

tomography(PET)-CT  are widely used for neck  nodal staging.  

 

Imaging can be divided in anatomical and functional imaging.  

Anatomical imaging: 

Mean anatomical criteria’s to determinate the presence of malignancy in lymph 

nodes are size, shape, fatty hilum sign, central necrosis and extra nodal spread.  

Anatomical modalities  using these criteria are CT ,MRI and US. 
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Functional and molecular imaging: 

Molecular imaging techniques such as PET , using different tracers, and functional 

imaging such as perfusion and diffusion weighted (DW)-MRI techniques enable 

detection of  metabolic alterations or specific protein expressions and tumor micro 

vascularization and cellularity  and are therefore important modalities  for 

oncological imaging. With Doppler sonography and micro-flow imaging (MFI) 

vascularization can be detected.  

CT and conventional MRI: Although resolution of conventional MRI and CT has 

increased, it remains challenging to differentiate between reactive and metastatic 

lymph nodes. Apart from nodal size and shape criteria, irregular enhancement 

patterns, based on differences in vascularization and necrosis, play a major role. 

Unfortunately, these criteria are only useful in case of larger metastases (i.e. > 

5mm), and do not the frequently occur small metastases. Consequently, both 

imaging techniques have a moderate sensitivity (74-78%) and specificity (76-80%). 

[12]  

Positron emission tomography: PET is a very sensitive functional imaging technique 

to assess metabolism  in oncology [13]. Different  radioactive tracers are used to 

measure changes in the metabolic process. Flourodeoxyglucose (F18, 18-F FDG or 

FDG) is an important tracer used in oncological imaging. The FDG uptake by the 

tissue is a marker of glucose uptake which is closely correlated to the tissue 

metabolic. PET enables  imaging of several metabolic processes. It is an important 

diagnostic modality but also important assessor for risk prediction and to monitor 

therapy response and to detect tumor recurrence. In head and neck cancer FDG 

PET-CT is an important imaging tool to assess the primary tumor and nodal 

staging.[14] PET has a significantly higher accuracy  in node-staging than MRI and 

CT [15] with a pooled sensitivity and specificity to detect metastatic lymph nodes 

in the neck of 84% and 96%, respectively. [16] Nevertheless in patients with cT1-

T2N0 oral cavity SCC sensitivity drops to 50-58%. [17] [18] Reactive nodes are 

difficult to distinguish from small metastatic nodes. To distinguish between reactive 

and malignant nodes selection of nodes with low cut of SUVmax values is necessary 

but it will result in  a low specificity with a high rate of unnecessary punctures.[19] 

Diffusion weighted MR imaging: DW-MRI or DWI is a method of signal contrast 

generation based on the differences in Brownian motion of water protons in 

biological tissue. Brownian motion is the random motion of particles in a medium 
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(liquid or gas). In tissue with a higher cellularity, such as tumor, random motion will 

be restricted. By performing DWI using different b values quantitative analyses by 

apparent diffusion coefficient (ADC) map are  possible. This analysis is usually 

performed automatically. In neuroradiology DW imaging is most important and in 

stroke imaging it is the modality of choice. [20] In oncological imaging it is an 

important imaging tool and widely used. [21][22][23] In head and neck radiology 

DW-MR imaging has an increasing importance in diagnostic imaging, predicting and 

monitoring of therapy and detecting of tumor recurrence. [24] It has  been shown 

that DW-MR imaging had a better diagnostic performance to detect lymph node 

metastases in HNSCC than turbo spin-echo MRI  with a higher sensitivity (76% vs 

7%) but a slightly lower specificity (94% vs 99.5%) in detecting sub-centimeter nodal 

metastases.[25] 

As the sum of tumor cell growth is associated with the glucose metabolism an 

inverse correlation between FDG-uptake and ADC-values should be expected. 

Study results are contra dictionary. Buelbuel et al found a significant association 

between PET, dynamic contrast enhanced MRI (DCE-MRI) and DWI parameters 

which indicates a relationship  between glucose metabolism, tumor cellularity and 

vascular permeability in HNSCC. They also found an inverse correlation between 

SUVmax and ADC but this was statistically not significant. [26] In another study a 

significant negative correlation between SUVmax and ADC was demonstrated. [27] 

However, in some other studies no correlation between SUVmax and ADC was 

found. [28][29] 

Assessing pretreatment DWI and FDG-PET in the tumor and largest lymph nodes 

showed that combining DWI and FDG PET-CT resulted in a better prediction of 

treatment failure compared to each single parameter assessment separately. [30] 

 

Ultrasound and ultrasound guided fine needle aspiration cytology (USgFNAC): 

With high resolution gray scale ultrasound morphological node criteria such as size, 

nodal boundary and fatty hilum sign,  cystic transformation or infiltration of the 

surrounding tissue might  well be  detected. [31][32][33] It was shown that tumor 

positive elective neck dissection contain a high incidence of micro metastases and 

in 25% of all tumor positive elective neck dissections, only micro metastases smaller 

than 3 mm  were found. [34] UsgFNAC sensitivity is very much dependent on the 

ultra-sonographer, the selection of lymph nodes to aspirate as well as the 
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aspiration technique. To obtain a high sensitivity lymph nodes with a minimal 

diameter of 5mm or more in level 2 and of 4 mm in the rest of the neck should be 

aspirated [35], which means that a large number of node aspirations is required to 

obtain  a high sensitivity. To avoid unnecessary aspirations and to minimize false-

negativity the biggest challenge is to select the right nodes to puncture and to 

obtain the right sampling within the node. [36]  

In previous research, it has been tried to increase the sensitivity of USgFNAC by 

specifically aspirating the sentinel node. In this technique, after scintigraphy, the 

SN was aspirated and confirmation of the correct lymph node selection was 

obtained by measuring radio-activity of the aspirate. [37] [38] 

Power Doppler Imaging: Tumors have a higher metabolism, for which oxygen and 

nutrients are delivered by blood vessels. Tumor vascularization is closely related to 

tumor grow.  Macro-vascular pattern of this angiogenesis can be detected  by 

Power Doppler imaging (PDI). It has been shown that metastatic lymph nodes can 

have a peripheral vascularization or a mixed hilar and peripheral visualization. 

[39][40] It also enables assessment of  the vascular resistive index (RI) which is 

reported to be higher in malignant  than in benign nodes. [41] 

Micro flow Imaging:  Micro flow Imaging (MFI) is a new Doppler technology 

designed to detect slow blood flow signals without using contrast agents. It enables 

detection of small vessel blood flow with high resolution and low number of 

artefacts. It has been  shown that the sensitivity of MFI to detect  tumor vascularity 

was higher than those of  Color Doppler Imaging (CDI) or PDI. [42][43] 

Elastography: Elastography is an US imaging technique to assess the elasticity of 

tissue. Malignant tissue is in common stiffer than normal tissue [44]. Stiff tissue 

shows less deformation (strain) than soft tissue. There are two types of 

Elastography Strain Elastography (SE) and Shear wave Elastography (SWE). SE is a 

qualitative technique using the transducer for tissue palpation and demonstrate 

the relative stiffness of tissue while SWE uses acoustic radiation force impulses 

(ARFI) to measure tissue displacement which is a promising technique in the 

assessment of malignant cervical nodes. [45] [46] 

Although new developments in functional US imaging techniques , such DPI and 

Elastography have slightly increased the accuracy, US guided FNAC still is the 

standard as it has almost no false positives and specificity is almost 100%. [47] 



Chapter 1 

17 

 

 

Image fusion 

Real time image fusion and needle navigation: New fusion image technologies 

with electronic tracking system enable multimodality real time image  fusion 

(MRI, CT or  PET-CT) with live ultrasound. [48] The system contains a magnetic 

field generator, a patient and ultrasound tacker and a needle tracker. 

The Percunav solution ( Philips Epic 7) has been  developed to provide image 

fusion between real-time US imaging and other imaging modalities such as MRI, 

CT or PET-CT.  

It also allows real-time tracking of needle navigation for percutaneous 

intervention procedures. 

Data of MRI, CT or PET-CT are transported into the ultrasound system.  

Corresponding images of MRI, CT or PET-CT on one hand and ultrasound on the 

other hand can be fused in real time. Initial fusion can be performed automatically 

or manually by anatomically or external makers. After fusion real time US images 

and corresponding CT,MRI or PET-CT images are arranged side by side and in an 

overlay in the US monitor and  they move synchronically together.  

 

 

1a: overlay US (yellow) and CT (grey); 1b: US image; 1c: reformatted CT image; 1d: volume 

representation of CT image and probe location 
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After initial fusion the integrated  target planning tool can be used to mark CT, 

MRI or PET-CT findings as targets. Real time image fusion helps to detect the 

location of these marked targets on ultrasound and provides the possibility to 

indicate the needle route for percutaneous interventional procedures.  It appears 

to be a promising image technique in liver, kidney and pancreatic pathologies. 

[49] 

Until now, research on feasibility of real time image fusion of head and neck 

lymph nodes are not available.  We hypothesize that real time image fusion of 

ultrasound and PET-CT is feasible and can  identify small PET-positive nodes on 

ultrasound with more confidence and real time image fused guided-FNAC could 

be performed. 

 

Aim of this thesis 

The aim of this thesis was to investigate the use of modern multimodality imaging 

technologies to optimize the selection of nodes for fine needle aspiration and to 

improve nodal staging in HNSCC-patients.   

 

The following study questions will be addressed:  

1. Is real time imaging fusion of PET-CT and ultrasound feasible?  

2. Will real time image fused guided fine needle aspiration improve the 

detection rate of malignant nodes ? 

3. Can we optimize selection criteria for nodes to be punctured? 

 

Outline of this thesis 

In the first study, Chapter 2,  we aimed  to evaluate the feasibility of real time 

image fusion of ultrasound and FDG PET positive lymph nodes of the neck. We 

aimed  to investigate the added value of fine needle aspiration in PET positive 

neck nodes identified by and guided by real time image fusion.  

In Chapter 3 we defined SUVmax cut off values to predict malignancy in real time 

image fused fine needle aspiration of lymph nodes in HNSCC-patients. Aim of the 
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study was to improve node selection by defining SUVmax cut off values for nodes 

to aspirate and to improve the sensitivity of USgFNAC in (borderline) PET-positive 

neck nodes of HNSCC patients. 

In Chapter 4 we evaluated ADC values in PET-positive nodes compared to PET-

negative nodes and we tried to point out if we can find a correlation between ADC 

values and SUVmax values in benign and malignant PET-positive nodes. Aim was 

to correlate ADC values of nodes identified on MR-DWI with PET- positive lymph 

nodes identified on PET-CT and to investigate the possible improvement of 

predicting malignancy in small lymph nodes by combining both imaging tools. 

In Chapter 5 we investigated the additional value of the new micro-flow imaging 

technology to visualize peripheral vascularization of neck nodes . Aim of the study 

was to evaluate the  predictive value of malignancy in nodes with present 

peripheral vascularization compared to morphological features and the value of 

additional used selection criteria for nodes to puncture.  
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Abstract 

Background and Purpose: New imaging techniques, such as hybrid imaging of 

ultrasound and FDG PET-CT, are available but not yet investigated for cervical 

lymph node staging (N-staging).  

The aim of the study is to evaluate the feasibility and added diagnostic value of 

real-time image fused ultrasound guided fine needle aspiration (Fused-USgFNAC) 

with FDG PET-CT data for N-staging.  

Material and Methods: 96 patients, who were referred for cervical lymph node 

staging with FDG PET-CT before ultrasound, were prospectively included. After 

routine USgFNAC all FDG PET-positive nodes were marked on FDG PET-CT and real 

time image fusing of US and FDG PET-CT was performed using the 

electromagnetic navigation system Percunav (Philips). Already punctured nodes 

were confirmed to be PET-positive and additional Fused-USgFNAC was performed 

in previously missed PET-positive nodes. 

Results: Out of 96 patients, 87 (91%) patients had suspicious nodes requiring 

FNAC. USgFNAC was performed in 175 nodes. Cytology was inconclusive in 9/175 

(5%) nodes and 85/166 (51%) nodes were malignant. Target planning was 

performed in 201 PET-positive nodes. 195/201(97%) of those nodes were fused 

successfully. 20/175 USgFNAC nodes turned out to be FDG PET-negative and 

149/175 (85%) of the Fused-USgFNAC nodes were confirmed to be FDG PET-

positive. Out of 201 PET-positive nodes, 46 (23%) were additionally identified and 

Fused USgFNAC was performed. Cytology was inconclusive in 4/46 nodes (9%) and 

13/42 (31%) nodes were malignant.  

Conclusion: Real-time US image fusion with FDG PET-positive nodes is feasible in 

cervical lymph nodes and Fused-USgFNAC increases the number of malignant 

nodes. 
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Introduction 

TNM stage in head and neck cancer (HNC) is important for prediction of prognosis 

and stratification of treatment. Besides physical examination, imaging plays a 

crucial role in defining the TNM stage, assessing tumor volume and nodal 

involvement.[1,2] Nodal-staging with CT and MRI is limited with a per patient 

sensitivity ranging from 73-87% for CT and 70-74% for MRI.[3] In clinically node 

negative neck (cN0) the sensitivity ranges from 14-80 % for CT and from 29-85% 

for MRI, on average the sensitivity is in the range of 40-60%.[4] Molecular imaging 

of glucose metabolism with 18F-fluordeoxyglucose positron emission tomography 

combined with computed tomography (FDG PET-CT) has a higher per-neck-level 

sensitivity for detection of regional nodal metastases in primary head and neck 

squamous cell carcinoma (HNSCC) patients, with a sensitivity up to 84% and a 

specificity up to 96%.[5,6] However for cN0 an overall sensitivity of 21.4% and 

specificity of 98.4% has been reported.[7] In comparison to sentinel node biopsy 

(SNB) in cN0 head and neck cancer, MRI and CT are not effective in predicting 

whether or not prophylactic neck dissection (ND) could be safely avoided and the 

sensitivity of FDG PET-CT may still not be adequate.[8] In clinical practice 

ultrasound guided fine needle aspiration (USgFNAC) plays an important role, not 

only as an upfront imaging technique for the neck but also to determine the 

diagnosis in equivocal lymph nodes on CT, MRI or FDG PET-CT.[9] Sensitivity of 

USgFNAC in patients with clinically suspicious nodes (cN+) has been reported to 

be 88%.[10] but sensitivity drops significantly to 39% in patients with a cN0.[11] 

Apart from minimizing the chance of sampling errors, selection of the most 

suspicious nodes that needs aspiration is a major challenge.[12] Selection of 

nodes by FDG PET-CT SUV might improve selection of the most suspicious nodes 

for FNAC.   

Due to technical improvements it is possible to fuse real time US with cross-

sectional imaging techniques such as with PET-CT, CT or MRI.[13] Fusion of US 

with FDG PET-CT to guide FNAC of nodes can potentially improve the 

identification and detection of malignant nodes. The aim of our study is firstly to 

evaluate the feasibility of US real-time fusion with FDG PET-CT data for fused 

image guidance of fine needle aspiration in suspicious neck nodes  and secondly 

to evaluate if it leads to a more accurate detection of malignant nodes. 
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Material and Methods 

 

Patient population 

We prospectively included 96 patients (Table 1) who were referred for USgFNAC 

with prior FDG PET-CT and met one of the following criteria: histopathological 

proven HNC, histologically proven lymph node metastasis with unknown primary 

or suspicious HN-lesion, not yet proven to be malignant.  

After routine ultrasound and USgFNAC, real time fusion of ultrasound and FDG 

PET-CT took place to confirm PET-positivity of USgFNAC nodes and to perform 

additional Fused-USgFNAC of missed FDG PET-positive nodes which would change 

N-stage. This study was approved by the NKI-AVL Institutional Review Board 

(IRBd20-126). Written informed consent was signed by all patients.  

Table 1 shows the diagnosis in number and percentages of all included patients 

and the number and percentages of HNSCC patients. Table 2 shows an overview 

of the treatment. 
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Table 1: Diagnosis of all patients  

Diagnose Number Percentage 

Adeno ca parotid gland 1 1% 

Angiosarcoma 1 1% 

B-cell lymphoma  1 1% 

Lung carcinoma 2 2% 

Melanoma 6 6% 

Merkel cell carcinoma 2 2% 

Rhabdomyosarcoma 1 1% 

SCC hypopharyngeal 7 7% 

SCC laryngeal 16 17% 

SCC nasal cavity sinus 4 4% 

SCC nasopharyngeal 1 1% 

SCC oral cavity 19 20% 

SCC oropharyngeal 25 26% 

SCC-skin 1 1% 

SCC unknown primary 6 6% 

Second branchial cleft 1 1% 

Tuberculosis 1 1% 

Unknown primary 1 1% 

Total 96 100% 

 

82% of all patients had a SCC. 
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Table 2: Combination of Treatments of all 96 patients  

Treatment   RT CRT BRT PDT Chemo 

Surgery no ND 11 5 1 0 0 0 

SND/SNB  20 8 1 0 0 0 

No Surgery 63 31 21 6 1 4 

No 1 treatment 2 0 0 0 0 0 

Total 96 44 23 6 1 4 

 

RT = radiotherapy, CRT = radio-chemotherapy, BRT = bio-radiotherapy, PDT = photodynamic 

therapy, Chemo = chemotherapy 

ND = neck dissection, SND = selective neck dissection, SNB = sentinel node biopsy 

1 Two patients did not have a tumor treatment because of a benign lesion, Second branchial cleft 

cyst and Tuberculosis.  

 

FDG PET/CT imaging 

For FDG PET/CT images were acquired using a Gemini TF scanner (Philips. Maryland. 

USA). Patients fasted for 6 hours and were hydrated prior to administration of FDG. 

Diabetes mellitus needed to be regulated adequately. The plasma glucose level was 

required to be below 10 mmol/l. A dose of 190-240 MBq was administered 

depending on body mass index. FDG PET images of the head and neck area were 

acquired for 3 bed positions of 3 minutes each. They were reconstructed to 2mm 

isotropic voxels. Low dose CT was acquired for attenuation correction and 

anatomical orientation with 40 mAs and 2mm slices. In addition, images of the 

neck-thighs were acquired. All FDG PET/CT images were interpreted by experienced 

nuclear physicians for clinical staging and this report was available for 

interpretation of involved nodes in this study. 

Ultrasound and FNAC 

The FDG PET-CT data were imported into the US device (EpiQ7 G, Philips, Bothell, 

WA) before the routine procedures. Firstly, routine US evaluation and routine 

USgFNAC with a 21G needle, without use of FDG PET-CT data, was performed. All 

USgFNAC were performed by one radiologist (PKD) who has 10 years of USgFNAC 

experience in HNC. She was aware of the clinical information and available imaging-

data including FDG PET-CT before performing the US. FNAC was performed in 1 or 

2 neck levels ipsilateral and sometimes contralateral in suspicious nodes in the 

levels at most risk, corresponding to the site of the primary tumor, as well as in 
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suspicious nodes at the lowest neck level of each side. Nodes were aspirated a short 

axis diameter > 1 cm, or <1cm and showed loss of a fatty hilum or showed a 

thickened or asymmetric cortex or round shape. Also, nodes described in the MRI 

or FDG PET-CT to be borderline or suspicious were aspirated when identified. 

Immediately after the routine US and USgFNAC procedures, real-time image fusion 

of US and FDG PET-CT using the electromagnetic navigation system Percunav 

(Philips, FDA and CE approved and worldwide available), installed on the same US 

diagnostic system, took place by the same reader (PKD). US was performed using 

either a L12-5 or an eL18-4 probe with integrated electromagnetic tracker (both 

from Philips Medical Systems). During the image fusion steps, a bracket and the 

respective electromagnetic tracker were added to the L12-5 probe so it could be 

used with the Percunav system. The Percunav setup was used according to the 

manufacturer’s manual. The patient reference tracker was placed on the forehead 

of the patient and held in place with tape. The field generator was positioned above 

the patient neck using a metallic arm. The initial fusion between real-time US and 

FDG PET-CT was performed by identifying the thyroid on both modalities and using 

the ‘match plane’ function on the system (Figure 1).  
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Figure 1: Match plane fusion 

 

Figure 1 Match plane fusion, manual correction. 1a: overlay US (yellow) and CT (grey); 1b: US image;  

1c: reformatted CT image; 1d: volume representation of CT image and probe location. 

 

Additional manual corrections to the fusion were made by identification of known 

anatomical structures such as the hyoid, submandibular gland, and carotid artery 

bifurcation. Then a target was created for each FDG PET-CT positive lymph node, 

using the ‘Target Planning’ function (including nodes with low risk of malignancy 

and low SUV values) (Figure 2).  
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Figure 2: Target planning and real-time fusion of FDG-PET-positive lymph nodes to 

identify PET-positive nodes. 

 

 
 

A, Coronal view. B, Sagittal view. C, Axial view. D, Volume representation of FDG-PET/CT image and 

probe location, PET-positive nodes where targeted, and real-time image fused with ultrasound. E, 

Overlay US (yellow) and PET/CT (gray). F, US image. G, Reformatted PET/CT image. H, Volume 

representation of the CT image and probe location. Fusion of PET and CT and target planning took 

place using the electromagnetic navigation system PercuNav. First, routine ultrasound and routine 

USgFNAC were performed. Second, ultrasound and FDG-PET-positive nodes were real-time fused. 

USgFNAC in PET-positive nodes was confirmed, and additional fused-USgFNAC of missed PET-

positive nodes was performed 

 

At this time the radiologist identified the on FDG PET-CT targeted nodes and 

verified if USgFNAC already was performed. (Figure 3). In patients with multiple 

FDG PET-positive nodes, a selection was made based on level, size and SUV value 

for fused aspiration. In case the node had not been previously aspirated, Fused-

USgFNAC was performed. 

 

Reference standard 

Surrogate reference standard was the pathological result of FNAC. As only 19/96 

patients underwent ND and 1/96 patients SNB, this series is too small to reliably 

estimate sensitivity and specificity of USgFNAC, Fused-USgFNAC or FDG PET-CT. If 

available, histopathology of ND specimen was used as reference standard and pN-

stage was compared to pN-stage of USgFNAC and Fused-USgFNAC (Table 3). 
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Statistical analysis 

A two-sample t-test was used to compare the mean size of nodes between 

USgFNAC and Fused-USgFNAC. Using the mantel-haenszel test the detection rate 

of malignant nodes in USgFNAC and Fused-USGFNAC was compared. The chi-

squared test was used to compare the accuracy of N-stage found with USgFNAC 

and Fused-USgFNAC in relation to the cytological results.   

 

 

Results  

Nine out of 96 patients (9%), who were selected for the study, did not have any FDG 

PET-positive nodes nor suspicious nodes on US. In the remaining 87/96 (91%) 

patients, a total of 221 lymph nodes were aspirated. The median number of 

aspirated nodes per patient was 2 (1-5). 

USgFNAC:  

175 out of 221 lymph nodes were aspirated during routine-US, the smallest nodes 

were 4 mm, the mean minimal axial diameter was 11.7 mm.  At USgFNAC 9 out of 

175 nodes (5%) were inconclusive at cytology, 85 out of 166 (51%) nodes were 

malignant. 

Fused-USgFNAC:  

Target planning was performed in 201 PET-positive nodes. Fusion was technically 

successful in 195/201 (97%) FDG PET-positive nodes.  

149 out of 175 (85%) USgFNAC nodes were confirmed to be FDG PET-positive. 

Cytology was inconclusive in 9/175 (5%). Out of the remaining 140 confirmed PET-

positive nodes, 83 (59%) nodes proved to be malignant. At fusion, 20 of the 

USgFNAC nodes proved to be FDG PET-negative and only 1 of those nodes was 

malignant. 

Based on fusion, 46/201(23%) FDG PET-positive nodes were additionally identified 

and Fused-USgFNAC was performed, the smallest nodes were 3 mm, the mean 

minimal axial diameter was 6.3 mm (range 3-16 mm) which was significantly smaller 

than in routine USgFNAC (p-value < 0.0001). (Table 3) 
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Table 3: Size and location of additional Fused-USgFNAC nodes 

  total malignant benign insufficient 

level n n sizes (mm) n sizes (mm) n sizes (mm) 

1 2 0 - 1 3 1 8 

1a 1 0 - 1 4 0 - 

1b 4 1 9 3 4, 3, 6 0 - 

2 12 3 7, 4, 6 8 9, 6, 11, 8, 5, 6, 8, 5 1 8 

2b 1 1 6 0 - 0 - 

3 13 4 9, 8, 6, 6 8 5, 4, 3, 5, 4, 4, 4, 6 1 5 

4 7 2 6, 12 4  1 4 

5 3 1 9 2 5, 6 0 - 

parot.gl. 2 0 - 2 5, 6 0 - 

cheek 1 1 6 0 - 0 - 

           
Total 46 13   29   4   

Note:—1 to 5 indicates the neck levels; Parot.gl., parotid gland. 

 

 

At cytology, 4/46 (9%) were inconclusive and 13 out of 42 (31%) nodes proved to 

be malignant. Added Fused-USgFNAC increased the number of proven malignant 

nodes from 85 to 98 (15%). Due to additionally Fused-USgFNAC the percentage of 

proven PET-positive malignant nodes changed from 83/166 (50%) to 96/182 

(53%), statistically not significant p-value < 0.291. (Flow chart Figure 4) 

In 74/87 (85%) patients all cytological results were sufficient, and pN-stage was 

present. pN-stage was compared to the N-stage of routine ultrasound and of 

fused ultrasound. With USgFNAC pN-stage was equivalent in 31/74 (42%) 

patients, while with Fused-USgFNAC it was equivalent in 43/74 (55%) patients.  

With Fused-USgFNAC pN-stage was upgraded in 8/87 (9%), in 2/8 from N0-stage 

to N1-stage and in 1/8 from N1-stage to N3-stage. (Figure 5) 

N-staging with USgFNAC and Fused-USgFNAC was not significant different  

(p-value < 0.1). 

ND was performed 19/96 (20%) patients and SNB in 1/96 (1%), a total of 610 

nodes were removed and in 11 of these 20 patients 52 metastases were present. 

With USgFNAC, the pathological result was pN0-stage in two of these patients, 
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while it was pN2b-stage and pN2c-stage in the ND. With Fused-USgFNAC it was 

pN1 in both of those patients.  

 

Figure 3: Flow chart results of routine USgFNAC and fused-USgFNAC 

 

Note: Pos. Indicates positive. 

 

Discussion 

Our study shows that real-time US-image fusion with FDG PET-CT is feasible and 

allows accurate US identification of the FDG PET-positive nodes. In our routine 

FNAC procedure, clinical information and imaging-data including FDG PET-CT is 

also available but not fused. In this study we sought to demonstrate the additional 

effect of using fused USgFNAC, and this was demonstrated by an increase of 

pathological confirmed malign nodes from 85 without fusion to 98 (15%) with 

additional fusion. Accurate nodal staging is a major determinant for treatment 

decision in HNSCC.[14]  
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Comparing Fused-USgFNAC pN-stage to USgFNAC, 8/87 (9%) patients pN-stage 

was upgraded though N-staging with USgFNAC and Fused-USgFNAC was not 

significantly different. 

Currently, the neck is staged by clinical palpation, CT, MRI, FDG PET-CT and/or 

USgFNAC in the case of suspicious nodes. For most imaging modalities, apart from 

irregularities and shape, the minimal axial diameter is one of the most important 

criterion for suspicious nodes to be selected for aspiration.[15] For FDG PET-CT, 

standard uptake value (SUV) is a criterion for metastasis. All these imaging 

techniques fail to accurately detect very small metastases leading to a sensitivity 

in the clinically N0 neck in the order of 40-60% [8], due to the higher frequency of 

small sized nodes. Furthermore FDG PET-CT is limited in resolution and glucose 

uptake in small nodal metastases.[16] The main reason for this is that 25% of the 

metastases in clinically N0 necks are under 3 mm and thus will not be easily 

detected at any individual imaging technique.[11]  
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Figure 4 

 
FIG 4. Change of N stage after additional fused-USgFNAC. The patient presented with cT3N0 

oropharyngeal squamous cell carcinoma. A, Results of routine USgFNAC N1. B and C, PET/CT of the 

same node, controlled by image fusion. D–F, Additional nodes on PET/CT; all nodes have been fused, 

and fused-USgFNAC was performed. G, The deep parapharyngeal node was missed at routine 

ultrasound and only recognized after fusion. H, A PET-positive node with a normal appearance on 

routine ultrasound. I, Fused-USgFNAC-proved benign PET-positive contralateral node. Cytologically 

proved pN stage after fused-USgFNAC was pN2b, while it was N1 with USgFNAC and N2c on PET/CT. 

The green arrows point to the PET-positive nodes 

 

Treatment decision making in HNC relies on imaging, emphasizing the need for 

high sensitivity to depict nodal disease.[17,18] Not only the extent of neck 

dissection, but also the fields and dose of radiotherapy are guided by imaging 

results. As with FDG PET-CT subtle metabolic active lymph nodes are very difficult 

to characterize, a subsequent USgFNAC is performed to make the final verdict. 

USgFNAC of the wrong lymph node or wrong part of the lymph node will lead to 

false-negative USgFNAC results, with under-treatment as a result.[18] We were 
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able to show that real-time US image fusion with FDG PET-CT is feasible. Within 

the 201 FDG PET-positive nodes fusion failed in only six nodes (8%), and this was 

mainly at the starting period when we were still in the midst of our learning curve. 

Real-time US image fusion with FDG PET-CT is an excellent method to increase the 

reliability of the FDG PET-CT results. Especially in borderline, small FDG PET-CT 

positive lymph nodes, fusion with US can increase the yield of Fused-USgFNAC 

and diminish sampling errors. Particular for small nodes, real-time US image 

fusion with FDG PET-CT can improve the sensitivity of ultrasound and the 

specificity of FDG PET-CT and lead to a higher detection rate of malignant nodes. 

Although in both, Fused-USgFNAC and USgFNAC, the smallest FDG PET positive 

malignant lymph nodes were 4 mm, the mean minimal axial diameter of the 

tumor positive nodes of Fused-USgFNAC (7.8 mm) was significantly smaller than 

that of USgFNAC (13.4 mm). 

Although additional Fused-USgFNAC increased the number of confirmed 

malignant from 85 to 98, the detection rate of malignant PET-positive nodes 

increased only from 51% to 53%, which was not significant. This can largely be 

explained by the smaller size of the additional Fused-USgFNAC nodes, indicating 

an increase in sensitivity in small nodes. N-stage was upgraded in 8/87 (9%) 

patients.  

Because we do not have definitive pathology of all aspirated lymph nodes, we 

cannot determine whether the FDG PET-CT was false positive or the aspiration 

false negative for the cases with negative aspirates. In addition, in 3/21(14%) 

patients with insufficient FNAC results malignant nodes in elective neck dissection 

were present, which suggests that every FNAC with insufficient result should be 

repeated. On FDG PET-CT smaller nodes are more often borderline FDG-positive 

nodes, which can lead to a diagnostic problem. A visible slightly higher 

metabolism can be caused by a metastasis as well as by inflammation. 

Consequently, the specificity of a SUVmax value between 2-3 at FDG PET-CT is quite 

low and can be increased by adding Fused-USgFNAC. On the other hand, the 

specificity of USgFNAC is almost 100%, so a combination of using FDG PET-CT with 

a lower threshold and Fused-USgFNAC might improve the sensitivity of the 

USgFNAC.  

The selection of nodes for aspiration in HNC is a difficult issue. Size and location 

are the most important selection criteria. This study is meant to see if image 

fusion, with FDG PET-CT, is a helpful tool for nodes selection to provide FNAC. 
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Especially in small lymph nodes with limited uptake, this technique could be 

added to USgFNAC. Only one patient with negative FDG PET-CT findings had a 

suspicious node on ultrasound which proved to be malignant. In all other patients, 

after fusion all the nodes that underwent routine USgFNAC were to some extent 

FDG PET-positive. So, the current criteria for aspiration largely overlap with the 

glucose uptake at FDG PET-CT. One could argue whether aspirating from more 

and smaller nodes without PET guidance would increase the sensitivity 

irrespective of adding FDG PET-CT, but selection criteria only guided by size and 

shape are not very accurate and borderline glucose uptake may well be more 

reliable. 

Although in prostate and liver real time image fused guided biopsies is already 

used clinically [19,20], the technique has its limitations in head and neck imaging. 

The mobility of the neck makes fusion much more difficult. Auto-fusion is not 

successful. Manual fusion and fusion corrections on the different levels of the 

neck must been done. To get a reliable accurate fusion the radiologist must be 

well trained. Because fused image guided FNAC is time consuming, with an 

additional 10-15 minutes examination time, it should be used as a problem-

solving tool in small borderline FDG PET-positive nodes, which are difficult to 

identify on routine USgFNAC. As far as we know this is the first larger study of 

fused USgFNAC in HNC and therefore reproducibility is not known and because it 

was only one observer the inter observer variability is also not known. No reliable 

estimation of sensitivity and specificity could be made due to the small number of 

patients who underwent neck dissection and sentinel node biopsy.  

 

Conclusion  

Real-time US image fusion with FDG PET-CT and Fused-USgFNAC is feasible in 

head and neck cancer. It can improve the detection and image guided aspiration 

of suspicious nodes as visualized on FDG PET-CT and might increase sensitivity of 

USgFNAC by selecting smaller FDG PET-positive borderline nodes for Fused-

USgFNAC. Because Fused-USgFNAC is time consuming it should be used as a 

problem-solving tool in small borderline FDG PET-positive nodes which are 

difficult to identify on routine USgFNAC.  
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Abstract:  

Background and Purpose: 18F-fluordeoxyglucose (FDG) positron emission 

tomography combined with computed tomography (PET-CT) and ultrasound 

guided fine-needle aspiration cytology (USgFNAC) are commonly used to detect 

nodal metastases in head and neck squamous cell carcinoma (HNSCC). FDG PET-

CT helps to guide selection of borderline suspicious nodes to aspirate using 

USgFNAC. Real time image fusion of FDG PET-CT with US is a new available 

technique and can improve this selection. The aim of this study was to determine 

optimal SUVmax values for USgFNAC node selection to improve USgFNAC 

sensitivity.  

Material and Methods: 118 patients, with histopathological proven HNSCC or 

proven lymph nodes metastases of SCC of unknown primary, referred for staging 

of HNSCC with FDG PET-CT and ultrasound, were prospectively included. 

Additionally to standard USgFNAC of suspicious nodes fusion was performed to 

confirm that USgFNAC took place in FDG-positive nodes and to add Fused-

USgFNAC in missed FDG-positive nodes. Fusion was performed on nodes with 

reported having metabolic activity. SUVmax values were measured in all Fused-

USgFNAC nodes. The reference standard was cytology.  

Result: In 118 patients USgFNAC was performed in 281 nodes. At fusion 22/281 

(8%) nodes were FDG-negative. Out of 259 FDG-positive nodes 253 (98%) nodes 

were fused successfully. USgFNAC had conclusive results in 237/253 nodes (94%). 

In 126/237 nodes (53%) cytology proved to be tumor positive. Below SUVmax of 

2.87 no fused FDG-positive nodes proved to be tumor positive at cytology.  

Conclusion: To improve sensitivity, only FDG-positive nodes with SUVmax values 

above 2.87 should be selected for USgFNAC. Image fusion can identify those 

nodes for USgFNAC selection.  

 

Keywords: Head and neck cancer, lymph node metastasis staging, hybrid imaging, 

real-time image fusion, ultrasound FDG-PET, SUVmax 
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Introduction 

 The prognosis of head and neck squamous cell carcinoma (HNSSC) depends on 

many factors. Especially in HPV negative tumors the presence or absence of 

metastatic lymph nodes (N-stage) is one of the most important predictors for loco 

regional control and risk for distant metastasis and thereby highly influences the 

patient’s management [1]. The number of metastases, their laterality, the 

involved node levels and the presence of extracapsular spread are important 

predictive parameters [2]. In a systematic review Lodder et al. reported that  

increasing volume of involved nodes is correlated with worsening outcome [3]. 

 Management of cervical nodes often includes neck dissection (ND), radiotherapy 

(RT) or chemo-radiation (CRT). The extent of ND and RT as well as the dose of RT 

depend on the N-stage. Elective treatment is not always necessary if the risk of 

occult metastases is very low. To minimize treatment morbidity, accurate staging 

is thus very important [4-5]. A systematic review and meta-analysis of elective 

neck dissection vs active surveillance of cT1-T2N0 squamous cell carcinoma (SCC) 

of the oral cavity showed that elective neck dissection (END) results in fewer 

regional recurrences than active surveillance [6]. Still, watchful waiting is 

considered a treatment option in case of a low risk for metastases and a very 

close follow-up of the neck [7]. For radiotherapy target volume selection and dose 

it is equally essential to know the N-status [8-9]. Palpation of neck nodes is 

insufficient with a sensitivity and specificity in the range of 60-70% [10,11]. The 

detection of malignant nodes by CT and MRI mainly relies on size criteria and has 

only a moderate sensitivity (74-78%) and specificity (76-80%) [12]. US-guided fine 

needle aspiration cytology (USgFNAC) has a very high specificity, but to obtain a 

high level of sensitivity many lymph nodes should be aspirated including nodes 

with a minimal axial diameter as small as 3-4  mm [13]. The challenge is to sample 

the right nodes to minimize false-negativity [14].  

Precision medicine and molecular imaging technologies play a major rule in cancer 

diagnostic and therapy [15]. Molecular imaging with 18F-fluordeoxyglucose 

positron emission tomography combined with computed tomography (FDG PET-

CT) is increasingly used as a diagnostic tool to detect metastatic lymph nodes in 

the neck with a pooled sensitivity and specificity of 84% and 96%, respectively 

[16]. However, in patients with cT1-T2N0 oral cavity SCC sensitivity of FDG PET-CT 

drops to 50-58% [12,17]. To increase the sensitivity a lower SUV uptake cut-off 

could be chosen, but then specificity drops unacceptably. FDG PET-CT frequently 
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shows lymph nodes with visually borderline metabolic activity. These nodes are 

difficult to categorize as either malignant or reactive on PET-CT. Image fusion 

could help to identify and select nodes for Fused-USgFNAC which could help to 

increase specificity of PET-CT and sensitivity of USgFNAC. 

We recently determined that real-time fusion of FDG PET-CT and ultrasound in 

Head and Neck Cancer (HNC) is technically feasible and allows FNAC-guidance by 

FDG uptake in lymph nodes (Fused-USgFNAC). In our study we found that 54% of 

the reported FDG-positive nodes could be proven as malignant at subsequent 

Fused-USgFNAC [16]. These data also suggested that small FDG-positive nodes can 

be detected with this technique, which enabled improved detection rate of 

malignant nodes. Based on these earlier results, the aim of this study is to 

establish a threshold of the SUVmax value to optimally select nodes to aspirate 

using USgFNAC.  

 

Materials and Methods 

 This study was approved by the Institutional Review Board (IRBd20-126). We 

prospectively included 118 patients with histopathological proven HNSCC or 

proven lymph nodes metastases of SCC of unknown primary. 

 All patients were referred for FDG PET-CT and USgFNAC for N-staging. Contrast 

enhanced CT of the neck or MRI was present. Next to the group analysis including 

all patients a subgroup analysis of patients with clinically node negative neck 

(cN0) and of patients with human papillomavirus (HPV) associated HHSCC was 

performed.  

Data were analyzed retrospectively. All retrospective medical data/biospecimen 

studies at the Netherlands Cancer Institute have been executed pursuant to Dutch 

legislation and international standards. Prior to 25 May 2019, national legislation 

on data protection was applied, as well as the International Guideline on Good 

Clinical Practice. From 25 May 2019 we also adhere to the GDPR.  Within this 

framework, patients are informed and have always had the opportunity to object 

or actively consent to the (continued) use of their personal data & biospecimens 

in research. None of the patients included in this study objected to use of their 

data.  
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FDG PET/CT imaging 

FDG PET/CT images were acquired in the clinical setting using a Gemini TF scanner 

(Philips, Maryland, USA). Patients fasted for 6 hours and were hydrated prior to 

administration of FDG. Diabetes mellitus needed to be regulated adequately and 

the plasma glucose level was required to be <10 mmol/l. A dose of 190-240 MBq 

was administered depending on BMI. FDG PET images of the head-neck area were 

acquired for 3 bed positions of 3 minutes each and were reconstructed to 2mm 

isotropic voxels. Low dose CT was acquired for attenuation correction and 

anatomical orientation with 40 mAs and 2mm slices. In addition, images of the 

neck-thighs were acquired. All FDG PET/CT images were assessed by dedicated 

nuclear medicine radiologists in the clinical setting; reports of these examinations 

were used for the current study. 

 

Figure1:  Flow Chart USgFNAC and image fusion with FDG PET-CT  

 

 
 

Ultrasound and real time image fusion with FDG PET-CT 

 

All US and FNAC procedures where performed by one radiologist with more than 

10 years of US experience in head and neck radiology (PDK). Ultrasound was 

performed by using an EpiQ7 G US device (Philips Medical Systems, Bothell, WA) 
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with either an L12-5 or eL18-4 probe. A flow chart of the procedures is shown in 

Figure 1. 

First, routine ultrasound of the ipsilateral and contralateral neck was performed. 

USgFNAC was performed in suspicious nodes according to Institutional guidelines. 

Criteria included loss of a fatty hilum, short axial diameter > 6-8 mm (depending 

on level), thickened or asymmetric cortex, round shape or suspicious nodes 

according to palpation or as seen on other imaging modalities (including CT, MRI 

or FDG PET/CT). Subsequently, ultrasound with real time image fusion with FDG 

PET-CT images was performed by the same radiologist (PKD), using the same US 

diagnostic system. The Percunav setup (Philips Medical Systems, Best, The 

Netherlands) was used according to the manufacturer’s manual. For the L12-5 

probe a bracket and an electromagnetic tracker were added. The eL18-4 probe 

has an integrated tracker. A patient reference tracker was placed on the forehead 

of the patient using tape. A field generator was fixed at a metallic arm positioned 

above the neck of the patient. FDG PET-CT data were imported into the US device 

and fusion of FDG PET and CT took place in the same device. An initial fusion 

between live US and FDG PET-CT was performed manually based on the thyroid 

gland, using the “match plane function”. Additional manual corrections of the 

initial fusion were made, if necessary, by identification of known anatomical 

structures such as the hyoid bone, submandibular gland or carotid artery 

bifurcation. After the initial fusion, nodes that showed visible increased FDG 

uptake (compared to normal surrounding tissues) and that had been reported as 

suspicious, were selected for real time image fusion by using the “target planning 

function ” (Figure 2). 

Nodes that already underwent routine USgFNAC were evaluated again to 

determine if they corresponded to a FDG-positive node. Thereafter, fused-

USgFNAC was performed in visually FDG-positive nodes if missed on routine 

USgFNAC (Figure 2). USgFNAC of FDG-positive nodes was performed in a 

maximum of 2 ipsilateral levels, in maximally 2 contralateral levels and in the 

lowest level of each side. For all nodes that received USgFNAC, the SUVmax values 

were measured by the radiologist who performed the US (PKD) using dyna-CAD by 

manual drawing of ROIs.  
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Figure 2: Target planning. fusion. and manual ROI placement of FDG-positive node 

to measure SUVmax values. A 

 
A, B. Target planning PET- positive node 3D view. C. Real time fused PET-posive node, overlay US and 

PET-CT. D. Reformatted PET-CT image. E. US image. F. Volume representation of CT image and probe 

location. G. Manual drawing ROI in the Fused-USgFNAC node to measure SUVmax values.   

 

Pathology 

The reference standard was cytological result  from USgFNAC nodes. For aspiration 

of all nodes an 21G needle was used. Part of the FNAC material was processed in 

smears, air dried and stained with Giemsa stain. Another part of every aspirate was 

fixed in 10 ml 4% formalin and embedded in paraffin for further 

immunohistochemistry if necessary, according to routine diagnostic workup. For 

clinically staging all samples were evaluated by experienced head and neck 

pathologists, the cytological results of the clinically setting were used 

retrospectively for the current study. HPV status was immunohistochemically 

assessed on formalin-fixed paraffin-embedded tissue samples from tumor biopsies 

or resections during standard routine diagnostic procedures. Antibodies for p53 

(DO-7, 1/7000, DAKO) and p16 (E6H4; ready to use, Ventana Medical 

systems/Roche) were used in a Benchmark ULTRA autostainer (Ventane Medical 

systemsReactions were detected using OptiView DAB Detection kit (#760-700; 

Roche) for visualization  p16 and p53 . Finally, the slides were counterstained with 

Hematoxylin II and Bluing Reagent (Ventana Medical Systems). 
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Table 1. Diagnosis of all patients 

Diagnose n % HPV  HPV+ % HPV- % 

SCC unkown primary 12 12.2% 12 6 50% 6 50% 

SCC oral cavity 25 21.1%      

SCC oropharyngeal 33 28.0% 33 18 54% 15 46% 

SCC hypopharyngeal 12 10.2%      

SCC laryngeal 23 19.5%      

SCC nasal cavity paranasal sinuses 6 5.1% 4 2 50% 2 50% 

SCC nasopharyngeal 6 5.1% 4 2 50% 2 50% 

SCC cutaneus 1 0.8%      

                

total 118 100 % 53 28 53% 23 47% 

 

Statistical evaluation 

Calculation of sensitivity and specificity of the techniques was not possible as not 

all patients had a neck dissection with a pathology report. We therefore scored 

the percentage of positive cytology in relation to the SUV values in all nodes that 

were visually FDG-positive and aspirated at USgFNAC using image fusion. PET-

negative nodes, nodes with failed fusion and nodes with inconclusive cytological 

results were excluded for further evaluation. Baseline characteristics were 

evaluated by descriptive statistics. A two-sided Independent samples t-test was 

used to compare the groups and subgroups and the two groups with positive and 

negative cytology based on their short axis diameter and SUVmax. A p-value of </= 

0.05 was considered statistically significant.  

Results 

 A total of 118 patients (median age of 63; range 32-89) with HNSCC were 

included. Diagnoses are shown in Table 1. In these 118 patients USgFNAC was 

performed in 281 nodes (Figure 1) Out of 281 nodes, 22 (8%) nodes were FDG-

negative and all of these 22 nodes proved to be tumor negative at cytology. Image 

fusion failed in another 6 nodes (2%). Of the remaining 253 FDG-positive nodes, 

16 (6%) had inconclusive cytological findings. These nodes were excluded from 

further evaluation. From the remaining, with image fusion confirmed 237 FDG-

positive nodes, 126 (53%) had malignant cytology. The median size (diameter 
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short axis ) of all FDG-positive evaluated nodes was 10.3 mm (range 3-35 mm). 

The average size of nodes with malignant cytology was significantly larger than 

nodes with benign cytology, with a median size (diameter short axis) of 13.4 mm 

(range 4-35 mm) compared to 6.7 mm (range 3-15 mm), p-value<0.0001. The 

mean SUVmax of all evaluated FDG-positive nodes was 7.8 (SD 5.8). The mean 

SUVmax in nodes with malignant cytology was also significant higher with an 

average 11,0 (SD 6.3) compared to benign nodes with an average 4.3 (SD 1.7), p-

value < 0.0001. (Table 2). The lowest SUVmax in nodes with malignant cytology was 

2.87 and the highest SUVmax in nodes with benign cytology was 10,7 (Table 3, 

Figure 3, Figure 4 ). 

Table 2. Mean SUVmax and size (short-axis diameter) in FDG-positive nodes of all 

HNSCC patients 

       size  SUVmax 

nodes n % median min max  median min max 

malignant 125 53% 13.4 4 35  11.0   2.87  40.84  

benign 112 47% 6.7 3 15  4.3  1.95  10.7 

all 237 100% 10.3 3 35  7.8  1.95  40.84  
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Table 3. SUVmax in ranges and number of malignant and benign nodes  

SUVmax nodes benign malignant 

> ≤ n % mean mm n % n % 

 2 0 0%  0 0% 0 0% 

2 2.5 5 2% 5.80 5 5% 0 0% 

2.5 3 12 5% 6.42 11 10% 1 1% 

3 3.5 29 12% 6.55 28 25% 1 1% 

3.5 4 22 9% 6.14 17 15% 5 4% 

4 4.5 20 8% 7.95 14 13% 6 5% 

4.5 5 10 4% 6.80 8 7% 2 2% 

5 5.5 17 7% 7.24 11 10% 6 5% 

5.5 6 8 3% 7.00 3 3% 5 4% 

6 6.5 6 3% 8.00 4 4% 2 2% 

6.5 7 5 2% 8.20 2 2% 3 2% 

7 7.5 6 3% 14.33 2 2% 4 3% 

7.5 8 7 3% 9.29 1 1% 6 5% 

8 8.5 5 2% 14.40 0 0% 5 4% 

8.5 9 10 4% 13.90 0 0% 10 8% 

9 9.5 7 3% 10.57 0 0% 7 6% 

9.5 10 10 4% 13.00 2 2% 8 6% 

10 10.5 3 1% 13.00 1 1% 2 2% 

10.5 11 8 3% 12.50 2 2% 6 5% 

11 11.5 4 2% 15.75 0 0% 4 3% 

11.5 12 4 2% 11.75 0 0% 4 3% 

12 12.5 3 1% 16.67 0 0% 3 2% 

12.5 13 4 2% 16.00 0 0% 4 3% 

13 13.5 1 0% 16.00 0 0% 1 1% 

13.5 14 2 1% 15.50 0 0% 2 2% 

14 14.5 3 1% 14.67 0 0% 3 2% 

14.5 15 2 1% 9.50 0 0% 2 2% 

15  24 10% 19.63 0 0% 24 19% 
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Figure 3. Suvmax ranges, n benign and malignant nodes 

 

 

Figure 4. Scatterplot malignant and benign nodes, SUVmax and size 
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Subgroup analysis of clinically node negative neck (cN0)  patients  

Clinically 35/118 (30%) patients had a cN0 neck. In these patients, USgFNAC was 

performed in 71 FDG-positive nodes and 20 out of these (28%) had malignant 

cytology. The median short axis of nodes in cN0 was significantly smaller, p-value 

0.001 (7.8 mm, range 3-23) than in cN+ (10.6 mm, range 3-35). The median short 

axis of malignant cN0 nodes (10.1 range 4-23 ) was significant smaller, value 0.039 

than in cN+ nodes (13.5, range 4-35). The mean SUVmax of cN0 nodes with malignant 

cytology was significantly higher than in nodes with benign cytology, with an 

average of 8.3 (SD 5.0) versus 4.45 (SD 1.8), p value < 0.003. 

The mean SUVmax  of malignant nodes in all cN+ necks was 13.5 (SD 7.2) while it was 

8.3 (SD 5.0) in cN0 necks, which was significantly lower, p-value 0.002. The lowest 

SUVmax in nodes with malignant cytology was 3.6  and the highest SUVmax in nodes 

with benign cytology was 10.6. 

Subgroup cut-off SUVmax values in HPV associated SSC of the oropharynx, 

nasopharynx and unknown primary. 

Immunohistochemically results of HPV related tumors were present in 53 patients. 

In 28/53 patients the tumor was associated with HPV (HPV+) and USgFNAC was 

performed in 73 nodes. 48/73 nodes were malignant at cytology. Mean short axis 

was 13.8 mm (SD 7.1) and mean SUVmax was 9.6 (SD 4.8). 25/78 nodes were benign 

at cytology. Mean short axis was 7.2 mm (SD 1.99) and mean SUVmax was 4.96 (SD 

1.99). The lowest SUVmax in nodes with malignant cytology was 3.39 and the highest 

SUVmax in nodes with benign cytology was 10,27.  

In 25 /53 patients the tumor was HPV negative (HPV-) and USgFNAC was performed 

in 45 nodes. 26/45 nodes were malignant at cytology. Mean short axis was 12.2 mm 

(SD 7.2), mean SUVmax was 10.9 (SD 5.1). 19/45 nodes were benign at cytology. 

Mean short axis was 7.4 mm (SD 2.2), mean SUVmax was 4.2 (SD 2.0). The lowest 

SUVmax in nodes with malignant cytology was 2.87 and the highest SUVmax in nodes 

with benign cytology was 10.6. Mean SUVmax  in HPV - nodes was 10.6 and in HPV+ 

nodes 9.5, statistically not significant p value = 0.279. 
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Discussion 

 

The presence of cervical lymph node metastases in HNSCC has a large impact on 

patients prognosis and treatment [19-20]. To detect occult nodal metastases in 

clinically  node negative neck FDG PET-CT is slightly superior to MRI, CT or 

ultrasound [16, 21]. On the other hand, however, regarding the detection of 

cervical lymph node metastases in cN0 HNSCC patients, a recent meta-analysis still 

showed a low sensitivity and moderate specificity of FDG PET-CT [21]. This can be 

explained by the nonspecific nature of FDG uptake in small nodes and the difficulty 

to distinguish between benign, reactive or inflammatory on the one hand and 

malignant nodes other hand. Although ultrasound enables detection of enlarged 

nodes and enables  evaluation of additional morphological features of nodes, it 

does not  enable detection of  micro-metastases in small nodes [22]. In our study 

only 20/281 nodes which underwent USgFNAC where FDG-negative, none of these 

nodes proved to be  malignant. On ultrasound it might  be difficult to identify tiny 

FDG-positive nodes with regular morphology and the major challenge performing 

USgFNAC is to select the right tiny FDG-positive node to puncture (based on imaging 

features on US but also other modalities), whereas the major issue in FDG PET-CT 

is, how borderline SUV values should be interpreted. Generally, a node with a 

SUVmax value above 4.5  is considered to be metastatic, whereas the nature  of 

nodes with a SUV-value below this value remains uncertain [23].  

In our study malignant FDG-positive nodes in cN0 HNSCC patients were significantly 

smaller than in cN+ HNSCC patients and had a significant lower mean SUVmax value. 

These small nodes  are the nodes that are difficult to accurately select for aspiration 

with routine US. Due to image fusion we were able to localize small FDG-positive 

nodes with a normal morphological appearance  on ultrasound to perform  fused-

USgFNAC. Out of the real time image fused guided FDG-positive FNAC nodes 53% 

proved to be  malignant at cytology. Based on Fused USgFNAC none of the FDG- 

positive nodes with a SUVmax of </= 2.87 was malignant. Our data are comparable 

to a  recent study in which comparing PET-CT-data with cytological results, below a 

SUVmax of 2.2 no malignant nodes were found [24]. Therefore, a threshold SUVmax 

>2.87 can be used to guide US-FNAC. Using this value to select nodes for fused-

USgFNAC will likely increase the accuracy of detection of malignant nodes in staging 

of HNSCC. 
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Based on Fused-USgFNAC at a SUVmax of 10.7 or higher all FDG-PET positive nodes 

were malignant and in fact in these nodes, aspiration might not be needed. A 

SUVmax value between 2.87 and 4.5 poses the major clinical problem, and in these 

cases, but also up to SUVmax  10.7 fused USgFNAC might be helpful to make the 

diagnosis. 

Our results are also comparable with those in a study of Payabvash et al. who 

reported that at a SUVmax ≥2.5 sensitivity for detection of malignant nodes was 

100%, with histopathological results as reference standard [25]. Other studies that 

correlated with histology found higher cut-offs for SUVmax values for malignant 

nodes. Dequanter et al. compared FDG-PET-CT with histology after neck dissection 

and proposed a SUVmax cut-off-value of 4.05 to detect malignant nodes [26]. Using  

this cut-off-value in the current study 13 malignant nodes would have been missed. 

Because accurate N-stage is essential for treatment planning , a lower cut-off 

SUVmax, like >/=2.87, is preferred to guide Fused-USgFNAC. To minimalize false 

negative results because of sampling errors, USgFNAC should be repeated in nodes 

with benign cytological results and a SUVmax of >/=2.87, if relevant for treatment 

decision 

SUVmax values are reported  significantly higher in HPV-negative nodes than in HPV-

positive nodes [27]. In a meta-analysis of Fleming et al, a higher SUVmax value in 

HPV- negative tumors  was found but PET SUVmax scores were unable to reliable 

differentiate  between HPV-positive and HPV- negative tumors [28]. These results 

are comparable to our results with a statistically not significant higher mean SUVmax 

value in HPV- negative nodes than in HPV+ nodes. 

Limitations 

Because all Fused-USgFNAC and measurements were performed by one radiologist, 

the inter observer variability of the procedure is unknown.  

In this study histopathological results of neck dissection as a gold standard are not 

available; therefore sampling error, leading to false negative results of cytology 

cannot be excluded. 
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Conclusion 

To improve the sensitivity, for FDG- positive nodes with a benign morphological 

appearance on ultrasound, a SUVmax value ≥ 2.87 should be used to select nodes for 

USgFNAC. Those FDG- positive nodes can be identified by real time image fusion 

and Fused-USgFNAC can be performed.  
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Simple Summary: In squamous cell carcinoma of the head and neck, 18F-

fluordeoxyglucose positron emission tomography (FDG-PET), diffusion-weighted 

magnetic resonance imaging (DW-MRI) and ultrasound-guided fine needle 
aspiration are commonly used imaging tools for nodal staging (N-staging). Although 

FDG-PET has good performance in nodal detection, it is still difficult to distinguish 

between PET-positive reactive and malignant nodes for the purpose of selecting 

nodes to be aspirated. DW-MRI can help to detect small lymph node metastases, 

and an inverse correlation with FDG uptake is expected. We found a mild negative 

correlation between SUVmax and ADC. Comparing the apparent diffusion 

coefficient (ADC) values between PET-positive and PET-negative nodes, ADC was 

significantly higher in PET-negative nodes. Whereas no significantly lower ADC 

value of cytological malignant nodes could be found overall, in the subgroup of non-

HPV-related nodes, the ADC values of cytologically malignant PET-positive nodes 
were significantly lower than in cytologically benign nodes. This finding might be 

helpful in selecting nodes for puncture. 

Abstract: Nodal staging (N-staging) in head and neck squamous cell carcinoma 

(HNSCC) is essential for treatment planning and prognosis. 18F-fluordeoxyglucose 

positron emission tomography (FDG-PET) has high performance for N-staging, 

although the distinction between cytologically malignant and reactive PET-positive 

nodes, and consequently, the selection of nodes for ultrasound-guided fine needle 

aspiration cytology (USgFNAC), is challenging. Diffusion-weighted magnetic 

resonance imaging (DW-MRI) can help to detect nodal metastases. We aim to 

investigate the potential of the apparent diffusion coefficient (ADC) as a metric to 

distinguish between cytologically reactive and malignant PET-positive nodes in 

order to improve node selection criteria for USgFNAC. PET-CT, real-time image-

fused USgFNAC and DW-MRI to calculate ADC were available for 78 patients offered 

for routine N-staging. For 167 FDG-positive nodes, differences in the ADC between 

cytologically benign and malignant PET-positive nodes were evaluated, and both 

were compared to the ADC values of PET-negative reference nodes. Analyses were 

also performed in subsets of nodes regarding HPV status. A mild negative 

correlation between SUVmax and ADC was found. No significant differences in ADC 

values were observed between cytologically malignant and benign PET-positive 

nodes overall. Within the subset of non-HPV-related nodes, ADCb0-200-1000 was 

significantly lower in cytologically malignant PET-positive nodes when compared to 

benign PET-positive nodes. ADCb0-1000 and ADCb0-200-1000 were significantly lower (p 

= 0.018, 0.016, resp.) in PET-negative reference nodes than in PET-positive nodes. 

ADC was significantly higher in PET-negative reference nodes than in PET-positive 

nodes. The non-HPV-related subgroup showed significantly (p = 0.03) lower ADC 
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values in cytologically malignant than in cytologically benign PET-positive nodes, 

which should help inform the node selection procedure for puncture. 

Keywords: DW-MRI; FDG-PET; real-time image fusion; lymph node; head and neck 

oncology 
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1. Introduction 

Head and neck squamous cell carcinomas (HNSCC) account for around 4% of all 

malignancies [1]. The presence of cervical lymph node metastases reduces the 

expected survival rate by approximately 50%, especially in HPV-negative tumors 

[2]. Therefore, nodal staging (N-staging) in HNSCC is essential for the assessment of 

prognosis and treatment planning [3]. Clinical examination of the neck detects 

around 60–70% of metastases [4], which means that about 30–40% of lymph node 

metastases are missed. 

Medical imaging plays a major role in the detection of those clinically occult 

metastases. Computed tomography (CT), magnetic resonance imaging (MRI), 18F-

fluordeoxyglucose (FDG) positron emission tomography combined with computed 

tomography (PET-CT) and ultrasound-guided fine needle aspiration cytology 

(USgFNAC) are commonly used for this purpose. In clinically node-negative necks 

(cN0), the pooled estimates for sensitivity were reported as 52% (95% confidence 
interval (CI), 39%–65%), 65% (34–87%), 66% (47–80%) and 66% (54–77%) on a per-

neck basis for CT, MRI, PET and USgFNAC, respectively [5]. For N-staging with 

USgFNAC, node selection plays a major role in obtaining high sensitivity, since 

specificity for FNAC is 100% [6]. In a recent meta-analysis, USgFNAC was found to 

be the most accurate imaging modality for detecting cervical lymph node 

metastases [7]. With morphologic imaging, size is one of the most important criteria 

for node selection, in addition to necrosis, irregular enhancement and signs of extra 

nodal spread [8]. Although size is important, reactive lymph nodes might also be 

enlarged and small lymph nodes can contain micro metastases. To differentiate 
between reactive nodes and metastatic nodes, a minimal axial diameter between 

8 and 12 mm has been established as suitable [9,10]. To minimize the risk of 

overlooking small metastases, small lymph nodes should also be aspirated, i.e., a 

low cut-off value should be used. However, this will lead to a higher rate of 

unnecessary lymph node punctures [11]. 

Functional imaging techniques such as Doppler sonography, PET-CT and diffusion-

weighted imaging (DWI)-MRI as an additional modality can provide information 
concerning the underlying biology/pathology of the imaged lesion. It has been 

shown that assessing peripheral vascularization with power Doppler sonography is 

the best sonographic feature to predict malignancy in cervical lymph nodes [12]. 

18F-FDG PET-CT has good diagnostic performance, although it overlooks 50% of 

small metastases in cN0 necks [13], and small PET-positive lymph nodes can have 

normal ultrasound features; real-time fusion would help to recognize those nodes 

on ultrasound. In a recent study, we showed that real-time image fusion to guide 
USgFNAC is feasible in head and neck cancer imaging/diagnosis [14]. It remains a 

notable challenge, however, to distinguish between small PET-positive reactive 
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nodes and nodes with micro-metastases. Using small cut-off values for the maximal 

standardized uptake value (SUVmax) in order to select nodes for real-time image-

fused-USgFNAC will improve the detection rate of malignant PET-positive nodes, 

but will lead to a high rate of unnecessary punctures [15]. 

Diffusion-weighted MRI (DW-MRI) is a method of signal contrast generation based 

on differences in Brownian motion, and evaluates the molecular function and 

micro-architecture of the human body. DW-MRI contrast reflects the diffusion of 

water in tissue, which is reduced in tissue with higher cellularity. By performing DWI 

using different b values, quantitative analyses by apparent diffusion coefficient 
(ADC) map are possible. This analysis is usually performed automatically. DW-MRI 

is widely used in oncological imaging. It has been shown that DW-MRI is a promising 

non-invasive tool to guide treatment selection in patients with peritoneal 

metastases of colorectal cancer. It is also a promising imaging tool for the 

assessment of treatment response and for differentiating between tumor and 

inflammatory changes [16,17]. It has been shown that for nodal staging, DWI has 

better performance than turbo spin echo MRI, with higher sensitivity (76% vs. 7%) 

but slightly lower specificity (94% vs. 99.5%) in detecting sub-centimeter nodal 

metastases [18]. Previous studies have suggested that a DWI node-negative neck 

could be considered for a wait and see policy [19]. Due to increased cell density in 
tumors and metastases, Brownian motion and therefore DWI are more restricted, 

and ADC might consequently be lower. An inverse correlation between FDG uptake 

and ADC in malignant lymph nodes has been reported [20]. 

Infection with high-risk human papillomaviruses (HPV) has been implicated in the 

pathogenesis of HNSCCs, and HPV-related HNSCCs are known to have a better 

treatment response and prognosis [21]. A higher FDG uptake in HPV-related 

malignant lymph nodes of the neck has been reported [22]. It has also been shown 
that HPV-related primary HNSSC tumors have lower ADC values than non-HPV-

related tumors [23]. 

So far as we know, ADC has not been related to FDG uptake in PET-positive real-

time image-fused guided FNAC nodes. Using real-time image fusion, we were able 

to identify PET-positive nodes for USgFNAC, and we can further compare ADC and 

FDG uptake in cytologically proven benign and malignant nodes. Locations of nodes 

on MRI can easily be correlated to the same nodes on PET-CT. 

The aim of this study was to evaluate the diagnostic potential performance of DW-

MRI in PET-positive nodes. We wanted to investigate if DW-MRI could help to 

distinguish small reactive lymph nodes with FDG uptake from small metastatic 

nodes since node selection for FNAC in those nodes is still very challenging. We 

wanted to investigate the different ADC values in all nodes and in the subgroups of 

HPV-related and non-HPV-related nodes. We also wanted to compare different 
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ADC values evaluated on different ADC maps. The main aim was to investigate the 

potential of ADC to distinguish between PET-positive cytologically malignant and 

benign nodes in order to improve selection for aspiration and pretreatment lymph 

node staging. 

2. Materials and Methods 

2.1. Patients 

We retrospectively included 78 patients with either histopathologically proven 

HNSCC or lymph nodes proven to be SCC metastases of an unknown primary, and 

with available nodal staging based on real-time PET-CT-image-fused guided FNAC 

(Table 1). 

Table 1. Diagnosis, number and percentage of patients. 

Diagnosis n Patient % Patient 

scc unknown primary 8 10.3% 

scc oral cavity 19 24.4% 

scc oropharyngeal 32 41.0% 

scc hypopharyngeal 4 5.1% 

scc laryngeal 8 10.3% 

scc nasal cavity paranasal sinuses 3 3.8% 

scc nasopharyngeal 2 2.6% 

scc cutaneous 2 2.6% 

total 78 100.0% 

 

For all patients, FDG PET-CT and DW-MRI were present. To identify PET-positive 

nodes, PET-CT was real-time fused with ultrasound (US), and Fused-USgFNAC was 

performed. To identify the location of the Fused-USgFNAC nodes on MRI, MRI was 

(visually) correlated with PET-CT and Fused-USgFNAC. Because of the quality of the 

ADC map on MRI, ADC measurements of these Fused-USgFNAC nodes were only 

performed in levels I–III. 

All retrospective medical data/bio specimen studies at the Netherlands Cancer 

Institute have been executed pursuant to Dutch legislation and international 

standards. Prior to 25 May 2019, national legislation on data protection was 

applied, as well as the International Guideline on Good Clinical Practice. From 25 

May 2019, we also adhered to the General Data Protection Regulation (GDPR). 

Within this framework, patients are informed and have always had the opportunity 
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to object or actively consent to the (continued) use of their personal data and bio 

specimens in research. None of the patients included in this study objected to the 

use of their data. This study was approved by the Institutional Review Board 

(IRBd20-126). 

2.2. FDG PET-CT Imaging 

FDG PET-CT images were acquired using a Gemini TF scanner (Philips, Bel Air, MD, 

USA). Patients were prepared according to European Association of Nuclear 

Medicine (EANM) guidelines and had to fast for 6 h prior to FDG administration. For 

patients with diabetes mellitus, the plasma glucose level was required to be <10 

mmol/L. A dose between 190 and 240 MBq [18F]-Flourodeoxyglucose (FDG) was 

administered depending on body mass index (BMI). PET images of head and neck 

were acquired at 3 min per bed position with a total field of view (FOV) of 576 mm 

(three bed positions), and reconstructed to 2 mm isotropic voxels using a BLOB-OS 

algorithm including time-of-flight information. For anatomical orientation and 

attenuation correction, low-dose CT was acquired with 40 mAs and a slice thickness 

of 2 mm. All FDG PET/CT images were assessed by dedicated nuclear medicine 

radiologists in the clinical setting; these reports were used for this study. 

2.3. DW-MRI Imaging 

Images were acquired on a 3T Achieva dStream scanner, Ingenia 3T or an Achieva 

Intera 1.5 T (Philips Healthcare, Best, The Netherlands), using a sensitive-encoding 

head and neck coil. For all patients, conventional MRI of the entire neck was 

performed. 

Axial fat-suppressed T2-weighted turbo spin-echo MRI (TR/TI/TE 8458/180/20 ms), 

with 3 mm slice thickness, axial T1-weighted spin-echo MRI (TR/TE 799/10) and 

gadolinium-enhanced T13D (TR/TE 8.8/4.6 ms) with 1 mm slice thickness were 

performed. DWI was performed before contrast-enhanced T1-weighted MR 

imaging. Images were obtained in the axial plane with an echo-planar imaging 

sequence: TR/TE, 4583/76 ms; b-0 (1 averages), b-200 (2 averages) and b-1000 (4 

averages) s/mm2; field of view, 230 mm; matrix size, 112 × 87 pixel; slice thickness, 

4 mm; no interslice gap; number of signals, 8; acquisition time, 3:25 min. Parallel 

imaging techniques (SENSE) with a reduction factor of 2.5 were used. ADC maps 

were generated automatically on the operating console from concurrent images. 

For some patients, MRI was performed with DWI b-0 (1 average), b-100 (1 average), 

b-300 (1 average), b-500 (2 averages) and b-800 (2 averages) s/mm2; TR/TE, 



ADC Values of Cytologically Benign and Malignant 18 F-FDG PET-Positive Lymph Nodes 

74 

 

4333/77 ms; field of view, 250 mm; matrix size, 114 × 101 pixel; slice thickness, 3 

mm; no interslice gap; and an acquisition time of 1:06 min. 

ADC measurements were performed blinded from pathological results by a single 

radiologist with more than 10 years’ experience in head and neck radiology (PKD) 

on a PACS workstation (Carestream). To identify PET-positive nodes that underwent 

Fused-USgFNAC, PET-CT and MRI were visually correlated in an axial and coronal 

view. Regions of interest (ROIs) were manually drawn and the minimum ADC value 

was assessed. We placed the ROI in the area of the visually determined lowest 

signal on the ADC map. In nodes with necrosis, the ROI was placed in the solid part. 

To avoid partial volume effects from the surrounding tissue, ROIs were placed 

within the node borders. In the case of small nodes, we placed the ROI in the whole 

of the node inside the borders. ADC values were obtained not only from ADCb0-1000, 

but also ADCb0-200-1000 or ADCb0-100-300-500-800, depending on available DW images. 

(Figure 1). 

 

Figure 1. Drawing manual ROI in ADCb0-1000 and ADCb0-200-1000 in a PET-positive lymph node. (a) DWI 

acquired by b-0-200-1000 s/mm2; (b) ROI in ADCb0-1000; (c) axial STIR; (d) ROI in ADCb0-200-1000; (e) 

corresponding PET-positive node; (f) corresponding real-time image-fused guided FNAC of the PET-

positive node. 

To determine a reference value for PET-negative nodes, ADC values were also 

obtained in PET-negative lymph node, with no visible FDG uptake, for each patient. 

2.4. Ultrasound, Real-Time Image Fusion with FDG PET-CT and Real-Time Fused  

Guided FNAC 
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Ultrasound, image fusion with FDG PET-CT and Fused-USgFNAC was performed by 

using an EpiQ7 G US device (Philips Medical Systems, Bothell, WA, USA), with either 

an L12-5 or eL18-4 probe. 

All US (gFNAC) procedures were performed by a radiologist with 10+ years of US 

experience in head and neck radiology (P.K.d.K.-D.). The Percunav setup (Philips 

Medical Systems, Best, The Netherlands) was used according to the manufacturer’s 

manual. The eL18-4 probe has an integrated tracker; for the L12-5 probe, a bracket 

and an electromagnetic tracker were added. A patient reference tracker was placed 

on the forehead, and a field generator was positioned above the patient’s neck. 

Fusion of the imported FDG PET and CT data took place in the same ultrasound 

device [14]. 

After the initial fusion, nodes that were reported as suspicious on FDG PET-CT were 

marked with the target planning tool and selected for analysis using Fused-

USgFNAC. All punctures were performed with a 21G needle. For all nodes that 

received USgFNAC, the SUVmax values were measured by the radiologist who 

performed the US (P.K.d.K.-D.), using dyna-CAD and manual drawing of ROIs. 

2.5. Pathology 

Cytological results in nodes for which Fused-USgFNAC was performed were 

refereed as reference standard. Part of the FNAC material was processed in smears, 

air-dried and stained with Giemsa stain. Another portion of every aspirate was fixed 

in 10 mL 4% formalin and embedded in paraffin for further immunohistochemistry 

examination if deemed necessary, according to routine diagnostic workup. All 

samples were evaluated by experienced head and neck pathologists in a clinical 

setting and the cytological results were used retrospectively. HPV status was 

assessed immunohistochemically on formalin-fixed paraffin-embedded tissue 

samples from tumor biopsies or resections during standard routine diagnostic 

procedures. Antibodies for p53 (DO-7, 1/7000, DAKO) and p16 (E6H4; ready to use, 

Ventana Medical systems/Roche/Arizona, USA) were used in a Benchmark ULTRA 

autostainer (Ventana Medical systems). Reactions were detected using the 

OptiView DAB Detection kit (#760-700; Roche) for visualization of p16 and p53. 

Finally, the slides were counterstained with Hematoxylin II and Bluing Reagent 

(Ventana Medical Systems). 
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2.6. Statistical Analysis 

Analyses were performed using nodes with a sufficient cytological result and clear 

identification on MRI. We determined the mean ADC of the calculated minimum 

and mean ADC values for cytologically benign and cytologically malignant nodes. To 

assess the difference in mean ADC value between cytologically benign and 

cytologically malignant nodes, accounting for inter-patient correlation, we used a 

linear mixed effects model with ADC as the dependent variable, malignancy as the 

independent variable, and a random intercept for patients, fitted with restricted 

maximum likelihood. Significance testing was conducted using a t-test for the 

malignancy variable. Differences between mean ADC values for cytologically benign 

or malignant nodes and PET-negative reference nodes were assessed using a linear 

mixed effects model with the difference as the dependent variable, no independent 

variables besides an intercept (fixed effect), and a random intercept for patients, 

fitted with restricted maximum likelihood. Significance testing was then conducted 

using a t-test for the (fixed effect) intercept. These analyses were also performed 

in the subgroups of HPV-related and non-HPV-related nodes. Finally, the overall 

association between ADC and SUVmax, and between ADC and axial node diameter, 

was assessed by computing Pearson correlations. 

All analyses were performed with R statistical software, version 4.1.1. Missing 

values were excluded separately for each analysis, all statistical tests were two-

sided, and p-values below 0.05 were considered statistically significant. 

3. Results 

Real-time image-fused USgFNAC was performed for 140 patients who were 

referred for N-staging for HNSCC. Patients without PET-positive nodes or without 

available MRI (n = 62) were excluded, leaving 78 patients with a total of 167 PET-

positive USgFNAC nodes from levels 1–3 for analysis. The mean age among patients 

was 62.9 years (range 35–88 years, standard deviation (SD) 10.5). The mean 

minimal axial diameter for all nodes was 10 mm (range 3–34 mm; SD 6.3). Of the 

167 nodes, 91 were cytologically malignant, while the other 76 were cytologically 

benign. The mean minimal axial diameter was 14 mm (range 3–34 mm; SD 6.9) and 

7 mm (range 3–15 mm; SD 2.1) for cytologically malignant and benign nodes, 

respectively. 

Minimum and mean ADC values of DW images were obtained with b-values 0–1000 

s/mm2 for 155 nodes, and for 154 of these nodes additionally with b-values 0-200-
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1000 s/mm2. For the 12 nodes without b-values 0–1000 s/mm2, the minimum ADC 

was obtained with b-values 0-100-300-500-800 s/mm2. The mean value of 

minimum ADC in cytologically malignant nodes was 0.444 × 10−3 mm2/s (SD 0.186), 

0.645 × 10−3 mm2/s (SD 0.188) and 0.625 × 10−3 mm2/s (SD 0.199) for ADCb0-100-300-

500-800, ADCb0-1000 and ADCb0-200-1000, respectively. The mean value of mean ADC in 

cytologically malignant nodes was 0.721 × 10−3 mm2/s (SD 0.229), 0.834 × 10−3 

mm2/s (SD 0.206) and 0.817 × 10−3 mm2/s (SD 0.185) for ADCb0-100-300-500-800, ADCb0-

1000 and ADCb0-200-1000, respectively (Tables 2 and 3). 

Table 2. Difference in minimum ADC between cytologically malignant and benign 

PET-positive nodes. 

ADC Malignant Nodes Benign Nodes Significance 

Dataset Measurement N Mean (sd) N Mean (sd) p 1 

Full 

ADC 1 2 12 0.444 (0.186) 12 0.562 (0.179) 0.138 

ADC 2 3 79 0.645 (0.188) 64 0.625 (0.201) 0.620 

ADC 3 4 78 0.625 (0.199) 64 0.609 (0.172) 0.666 

No HPV 

ADC 1 2 2 0.381 (0.078) 0   

ADC 2 3 13 0.570 (0.239) 10 0.645 (0.204) 0.086 

ADC 3 4 13 0.554 (0.236) 10 0.665 (0.200) 0.031 

HPV 

ADC 1 2 2 0.587 (0.163) 4 0.439 (0.157) 0.132 

ADC 2 3 34 0.654 (0.177) 17 0.660 (0.214) 0.996 

ADC 3 4 34 0.640 (0.199) 17 0.605 (0.174) 0.434 
1 p-value based on F-test for the factor variable malignancy in a linear mixed effects model 

with ADC as the dependent variable, and a random intercept for patients. 2 ADC1 = ADCb0-b100-

b300-b500-b800. 3 ADC2 = ADCb0-b1000. 4 ADC3 = ADCb0-b200-b1000.  
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Table 3. Difference in mean ADC between cytologically malignant and benign PET-

positive nodes. 

ADC Malignant Nodes Benign Nodes Significance 

Dataset Measurement N Mean (sd) N Mean (sd) p 1 

Full 

ADC 1 2 12 0.721 (0.229) 12 0.842 (0.154) 0.400 

ADC 2 3 79 0.834 (0.206) 64 0.847 (0.201) 0.605 

ADC 3 4 78 0.817 (0.185) 64 0.806 (0.198) 0.747 

No HPV 

ADC 1 2 2 0.602 (0.069) 0   

ADC 2 3 13 0.780 (0.293) 10 0.920 (0.213) 0.018 

ADC 3 4 13 0.772 (0.298) 10 0.852 (0.199) 0.132 

HPV 

ADC 1 2 2 0.753 (0.227) 4 0.761 (0.125) 0.256 

ADC 2 3 34 0.842 (0.215) 17 0.819 (0.217) 0.683 

ADC 3 4 34 0.838 0.169 17 0.770 (0.182) 0.174 

1 p-value based on F-test for the factor variable malignancy in a linear mixed effects model 

with ADC as the dependent variable, and a random intercept for patients. 2 ADC1 = ADCb0-b100-

b300-b500-b800. 3 ADC2 = ADCb0-b1000. 4 ADC3 = ADCb0-b200-b1000. 

 

For cytologically benign nodes, the mean minimum ADC values were 0.562 × 10−3 

mm2/s (SD 0.179), 0.625 × 10−3 mm2/s (SD 0.201) and 0.617 × 10−3 mm2/s (SD 0.174), 

for ADCb0-100-300-500-800, ADCb0-1000 and ADCb0-200-1000, respectively. The mean values of 

mean ADC were 0.842 × 10−3 mm2/s (SD 0.154), 0.847 × 10−3 mm2/s (SD 0.201) and 

0.806 × 10−3 mm2/s (SD 0.198), for ADCb0-100-300-500-800, ADCb0-1000 and ADCb0-200-1000, 

respectively. No significant overall difference in ADC between malignant and 

benign nodes was observed. In the subgroup of non-HPV-related nodes, there was 

a significant difference for minimum ADCb0-200-1000, with mean values of 0.554 and 

0.665 for cytologically malignant and cytologically benign nodes, respectively (p = 

0.03), and for mean ADCb0-200-1000 there was a significant difference, with mean ADC 

values of 0.780 and 0.923 for cytologically malignant and cytologically benign 

nodes, respectively (p = 0.02). Among HPV-related nodes, no significant differences 

were observed. 

With ADCb0-1000, we observed a significantly higher ADC in the PET-negative 

reference nodes compared to both cytologically malignant PET-positive nodes 

(minimum ADC difference 0.06, p = 0.05; mean ADC difference 0.2, <0.001) and 

cytologically benign PET-positive nodes (minimum ADC difference 0.10, p = 0.02; 

mean ADC difference 0.10, p = 0.004). Only with mean ADCb0-200-1000, we observed a 
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significantly higher ADC in the PET-negative reference nodes compared to both 

cytologically malignant (difference 0.12, p = 0.003;) and cytologically benign 

(difference 0.10, p = 0.007) PET-positive nodes (Tables 4 and 5). 

Table 4. Difference in minimum ADC values between the PET-negative reference 

node and PET-positive nodes. 

ADC Malignant Nodes Benign Nodes 

Dataset Measurement N 
Difference1, Mean 

(sd) 
p 2 N 

Difference, Mean 

(sd) 
p 2 

Full 

ADC 1 3 12 −0.164 (0.291) 0.192 12 −0.089 (0.286) 0.301 

ADC 2 4 79 −0.063 (0.279) 0.050 64 −0.095 (0.275) 0.018 

ADC 3 5 78 −0.044(0.278) 0.083 64 −0.088 (0.277) 0.016 

No HPV 

ADC 1 3 2 −0.706 (0.078) 0.140 0   

ADC 2 4 13 −0.236 (0.384) 0.155 10 −0.127 (0.198) 0.275 

ADC 3 5 13 −0.113 (0.273) 0.301 10 0.035 (0.194) 0.601 

HPV 

ADC 1 3 2 −0.128 (0.152) 0.355 4 −0.169 (0.278) 0.227 

ADC 2 4 34 −0.002 (0.233) 0.721 17 −0.161 (0.377) 0.184 

ADC 3 5 34 0.002 (0.275) 0.637 17 −0.208 (0.280) 0.030 
1 ADC of node minus ADC of reference node. 2 p-value based on F-test for the factor variable 

malignancy in a linear mixed effects model with ADC as the dependent variable, and a random 

intercept for patients. 3 ADC1 = ADCb0-b100-b300-b500-b800. 4 ADC2 = ADCb0-b1000. 5 ADC3 = ADCb0-b200-

b1000. 

Table 5. Difference in mean ADC values between the PET-negative reference node 

and PET-positive nodes. 

ADC Malignant Nodes Benign Nodes 

Dataset Measurement N 
Difference1, Mean 

(sd) 
p 2 N 

Difference 1, Mean 

(sd) 
p 2 

Full 

ADC 1 3 12 −0.166 (0.366) 0.201 12 −0.102 (0.196) 0.189 

ADC 2 4 79 −0.151 (0.289) <0.001 64 −0.102 (0.263) 0.004 

ADC 3 5 78 −0.117 (0.277) 0.003 64 −0.101 (0.288) 0.007 

No HPV 

ADC 1 3 2 −0.860 (0.069) 0.101 0   

ADC 2 4 13 −0.258 (0.382) 0.125 10 −0.022 (0.217) 0.953 

ADC 3 5 13 −0.163 (0.347) 0.247 10 −0.013 (0.191) 0.893 

HPV 

ADC 1 3 2 −0.134 (0.153) 0.341 4 −0.090 (0.067) 0.135 

ADC 2 4 34 −0.099 (0.284) 0.087 17 −0.248 (0.326) 0.010 

ADC 3 5 34 −0.049 (0.252) 0.257 17 −0.255 (0.316) 0.011 
1 ADC of node minus ADC of reference node. 2 p-value based on F-test for the factor variable 

malignancy in a linear mixed effects model with ADC as the dependent variable, and a random 

intercept for patients. 3 ADC1 = ADCb0-b100-b300-b500-b800. 4 ADC2 = ADCb0-b1000. 5 ADC3 = ADCb0-b200-

b1000. 
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Minimum ADCb0-200-1000 also differed significantly between the PET-negative 

reference nodes and benign PET-positive nodes (p = 0.02). In the subgroup of 

HPV-related nodes, minimum ADCb0-1000 differed significantly between the 

PET-negative reference nodes and benign PET-positive nodes (p = 0.03), and 

also mean ADC differed significantly for ADCb0-1000 (p = 0.01) and ADCb0-200-1000 

(p = 0.01). No strong correlations were observed between minimum ADC and 

SUVmax or minimum ADC and axial node diameter. A moderate negative 

correlation was found between SUVmax and a minimum ADCb0-100-300-500-800, 

and mild negative correlation was found for all calculated mean ADC and 

between all mean ADC and axial node diameter (Figure 2 and Table 6). 

 

Figure 2. Relationship between ADC and SUVmax, and between ADC and axial node 

diameter. 
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Table 6. Correlations between ADC and SUVmax, and between ADC and axial node 

diameter. 

Variable 1 Variable 2 
Pearson Correlation  

Minimum ADC 

Pearson Correlation  

Mean ADC 

ADC 1 1 SUVmax −0.45 −0.30 

ADC 2 2 SUVmax 0.07 −0.06 

ADC 3 3 SUVmax 0.06 −0.04 

ADC 1 Diameter −0.12 −0.18 

ADC 2 Diameter 0.07 −0.04 

ADC 3 Diameter 0.09 −0.01 
1 ADC1 = ADCb0-b100-b300-b500-b800. 2 ADC2 = ADCb0-b1000. 3 ADC3 = ADCb0-b200-b1000. 

 

4. Discussion 

Accurate nodal staging is essential for individual treatment planning. With 

functional imaging, not only anatomical changes, but also metabolic changes in 

metastases can be detected. As shown in meta-analyses of HNSCC patients, PET-CT 

has better performance in the detection of metastases than anatomical imaging 

[24,25]. However, the performance of PET-CT in patients with clinically node-

negative neck is poor, with a reported sensitivity of 50–58% [13,26]. Small PET-

positive reactive nodes are difficult to distinguish from metastatic nodes, meaning 

a large number of punctures are requested to improve the sensitivity of imaging. 

Due to tumor growth, metastatic nodes often have a higher metabolism and 

therefore higher FDG uptake. Due to increased cellularity in metastases, DWI is 

more restricted, which results in a lower ADC. 

Significant associations between PET, dynamic contrast-enhanced MRI and DWI 

parameters have been demonstrated, which indicate a relationship between tumor 

cellularity, vascular permeability and glucose metabolism in HNSCC [27]. Nakajo et 

al. demonstrated a significant inverse correlation between FDG uptake and ADC 

[20]; however, this effect was not observed in other studies [28,29]. 

In our study, we observed a mild inverse relationship between ADC and SUVmax. 

A previous meta-analysis in HNSCC patients showed high diagnostic performance 

of DW-MRI as a tool to differentiate malignant nodes from benign nodes [30]. 
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Because of real-time image fusion, we were able to compare ADC between truly 

PET-positive cytologically proven malignant and benign nodes. 

Compared to the PET-negative reference nodes, minimum ADCb0-1000 and mean 

ADCb0-1000 and mean ADCb-0-200-100  were significantly lower for both cytologically 

malignant and cytologically benign PET-positive nodes. 

Although we found a significantly lower ADC in malignant PET-positive nodes 

compared to PET-negative reference nodes, we did not find a significantly lower 

ADC in cytologically malignant PET-positive nodes than in cytologically benign PET-

positive nodes for the whole group. A possible explanation for the observation that 

we did not find a lower ADC in cytologically malignant PET-positive lymph nodes 

when compared to cytologically benign PET-positive lymph nodes could be that in 

reactive lymph nodes, the primary follicles consisting of loose aggregates of small 

lymphocytes become secondary or reactive lymphoid follicles with low ADC. These 

consist of a heterogeneous population of highly proliferative lymphoid cells, 

follicular dendritic cells and histiocytes that form close cellular interactions [31]. 

Therefore, a lower ADC might be observed not only in cytologically malignant 

nodes, but also in cytologically benign PET-positive reactive nodes. Our study 

suggests that when using DW-MRI, we still have the same problem where we were 

not able to distinguish small metastatic lymph nodes from reactive (PET-positive) 

lymph nodes. We found a mild inverse relationship between FDG uptake and ADC 

values. In a previous study, we were able to show that using a low SUVmax cut-off 

value can help to improve node selection [15]. It would be interesting to investigate 

whether we are able to define a cut-off value for ADC values and relationship to 

SUVmax cut values. A study with a larger number of patients would be required in 

order to address this point. Another possible explanation could be that some of the 

cytologically benign cases were (in part) false negative cytologies, with very small 

metastases. 

However, we found significantly lower ADC in non-HPV-related cytologically 

malignant PET-positive nodes as compared to cytologically benign PET-positive 

nodes. It has to be mentioned that only a limited number (36) of HPV-related 

patients were included in our study. To investigate the possible differences 

between ADC values of malignant and benign nodes in subgroups according to HPV 

status, a study with a larger number of included patients should be performed. 
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These significant findings indicate that the measurement of ADC might be helpful 

to differentiate between small malignant HPV-related PET-positive and reactive 

PET-positive nodes, and this implies that if a node is PET-positive, then DW-MRI will 

improve node selection for puncture.. 

Limitations 

ADCb0-200-1000 and ADCb0-1000 measurements to calculate ADC values were performed 

in the same nodes, and for all nodes, results did not differ between ADCb0-200-1000 

and ADCb0-1000, and the use of these two different maps did not affect the outcome. 

However in the subgroup of non-HPV-related nodes, we found that only in the case 

of minimum ADCb0-200-1000 and mean ADCb0-200-1000, a significantly lower ADC in 

cytologically malignant PET-positive nodes compared to cytologically benign PET-

positive nodes could be observed. Since ADCb0-100-300-500-800 was only available for 12 

patients, we have not been able to show if ADCb0-100-300-500-800 would have a better 

diagnostic performance, but mainly ADCb0-100-300-500-800 showed a mild inverse 

relationship between ADC and SUVmax. It would be interesting to investigate this 

relationship using a larger cohort of patients. 

We did not have histopathological results available in order to have a reference 

standard, but we did have cytological results of real-time fused USgFNAC. FNAC can 

produce false negative results. To minimize false negative results, USgFNAC should 

be repeated and distrusted in nodes predicted to be malignant on PET-FT or MRI. 

However, it should be borne in mind that very small metastases (micro metastases) 

cannot really be made visible on either PET-CT or MRI-DWI. Moreover, the cytology 

in these lymph nodes with small metastases is often either non-diagnostic or (false) 

negative. Because all FNAC was guided by real-time image-fused PET-CT and US, 

ADC and SUVmax measurements could take place in well-defined cytologically 

malignant and benign nodes. 

5. Conclusions 

We found a mild negative correlation between SUVmax and ADC and a significantly 

higher ADC in PET-negative reference nodes than in PET-positive nodes. In HPV-

negative HNSCCs, we found significantly lower ADC values in cytologically 

malignant PET-positive nodes than in cytologically benign lymph nodes (p = 0.03), 

although this was only observed for one of the ADC modalities and was based on a 

small number of patients. In HPV-positive tumors, this difference was not 
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significant. In non-HPV-related HNSCCs, DW-MRI might therefore help to select 

which nodes to aspirate from and might increase the accuracy of FDG PET-CT. 
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Simple Summary:  

Ultrasound-guided fine needle aspiration cytology (USgFNAC) is commonly used 

for N-staging in head and neck squamous cell carcinoma (HNSCC). The specificity 

of USgFNAC is always in the order of 100% as false positive cytology is rare. The 

difference in sensitivity is mainly attributable to selection of the lymph nodes to 

aspirate and aspiration technique. The aim of this study was to improve the 

selection criteria of lymph nodes to aspirate. Ultrasound features of nodes such as 

a short axis diameter, S/L ratio, loss of a fatty hilum sign, resistive index, and 

peripheral or mixed hilar and peripheral vascularization, obtained by Micro-flow 

imaging (MFI), which is a new technique to obtain micro-vascularization, were 

evaluated. To calculate the sensitivity and PPV of each feature, data of 

sonographic findings and cytological results of all aspirated nodes were 

statistically analyzed. We found that next to size, peripheral vascularization 

obtained by MFI and absent hilum sign have a high predictive value for 

malignancy and should be added as selection criteria for fine needle aspiration in 

lymph nodes 

Abstract:  

Background and Purpose: Ultrasound-guided fine needle aspiration cytology 

(USgFNAC) is commonly used for nodal staging in head and neck squamous cell 

cancer (HNSCC). Peripheral vascularity is a described feature for node metastasis. 

Micro-flow imaging (MFI) is a new sensitive technique to evaluate micro-

vascularization. Our goal is to assess the additional value of MFI to detect 

malignancy in lymph nodes.  

Material and Method: A total of 102 patients with HNSCC were included 

prospectively. USgFNAC was performed with the Philips eL18–4 transducer. 

Cytological results served as a reference standard to evaluate the prediction of 

cytological malignancy depending on ultrasound features such as resistive index 

(RI), absence of fatty hilum sign, and peripheral vascularization. Results were 

obtained for all US examinations and for the subgroup of clinically node-negative 

neck (cN0).  

Result: USgFNAC was performed in 211 nodes. Peripheral vascularization had a 

positive predictive value (PPV) of 83% (cN0: 50%) and the absence of a fatty hilum 

had a PPV of 82% (cN0 50%) The combination of peripheral vascularization and 

absent fatty hilum had a PPV of 94% (cN0: 72%). RI (threshold: 0.705) had a PPV of 
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61% (cN0: RI-threshold 0.615, PPV 20%), whereas the PPV of short axis diameter 

(threshold of 6.5mm) was 59% for all patients and 19% in cN0 necks (threshold of 

4 mm).  

Conclusion: Peripheral vascularization assessed by MFI and absent hilum has a high 

predictive value for cytological malignancy in neck metastases. Next to size, both 

features should be used as additional selection criteria for USgFNAC. 

Keywords: SCC; Head and Neck; Lymph nodes; Ultrasound; Micro-flow imaging; 

Hilum sign; Resistive Index 
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1. Introduction 

One of the most important predictors for the survival of patients with head and 

neck squamous cell carcinoma (HNSCC) is the nodal status [1]. Metastatic disease 

that spreads from the primary lymph node to distant organs causes 90% of all 

HNSCC deaths. Accurate staging is therefore essential for prognostication and 

optimal treatment planning with the goal to obtain the best cure and avoid 

treatment morbidity [2,3]. 

Neck palpation for lymph nodes in patients with HNSSC has a sensitivity and 

specificity to detect metastatic disease of 60–70% [4]. That means that around 30 

to 40% of the nodal metastases are clinically occult (cN0). 

Commonly used imaging tools to detect these occult metastases are ultrasound 

(US), magnetic resonance imaging (MRI), contrast enhanced computer 

tomography (CT), FDG PET-CT, and ultrasound-guided fine needle aspiration-

cytology (USgFNAC). MRI and CT are frequently used to stage the primary tumor 

and neck, but use morphological criteria for metastases with a relatively low 

accuracy (74–78%) [5]. 18FDG PET-CT enables, next to the morphological criteria, 

use of metabolic criteria, and is reported to be superior to MRI and CT with a 

sensitivity and specificity of 84% and 96%, respectively [6]. However, for cN0 neck, 

with only small metastases, the sensitivity is in the range of 40–60% and thus not 

very high [7]. 

USgFNAC can reduce the risk from an initial risk of occult metastases of 40% to a 

risk of 10–20%, which can be considered acceptable to refrain from elective 

treatment, although this remains a controversial topic [8]. 

High-resolution US to guide FNAC is an important diagnostic tool and well 

established. Gray scale ultrasound enables assessment of morphological criteria 

such as nodal size, nodal boundary, cystic transformation, or other internal 

reflective patterns, fatty hilum sign, surrounding edema, or infiltration of the 

surrounding tissue [9–11]. 

Power Doppler sonography has been shown to be a reliable method for the 

assessment of the vascularity of cervical lymph nodes. [12] It allows to evaluate 

the pattern of the intra-nodular macro vascularization and to measure the 

resistive index (RI). It has been shown that normal lymph nodes have a hilar 

vascularity while metastatic nodes may have a peripheral or mixed hilar and 
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peripheral vascularity [13,14]. The RI is reported to be higher in metastatic nodes 

than in reactive lymph nodes. In a recent review, Ying at al described an optimal 

cut-off for RI at 0.7 for differentiating between metastatic and reactive lymph 

nodes, with a sensitivity of 47–81% and a specificity of 81–100% [15]. Because 

Doppler ultrasound techniques display the changes of macro vascularization, 

vascularity is often not detected in small lymph nodes [16]. 

Micro-flow imaging (MFI) is a relatively new mode designed to detect small vessel 

flow with high resolution and minimal artefacts. Recent studies have shown that 

MFI has a higher sensitivity to detect tumoral vascularity compared with color 

Doppler imaging (CDI) and power Doppler imaging (PDI) [17–19]. MFI can also 

improve the visualization of peripheral vascularization in neck lymph nodes as a 

feature of metastasis. To our knowledge the value of MFI has not been examined 

in cervical lymph nodes. 

The aim of this study was to evaluate the additional value of peripheral 

vascularization in lymph nodes as assessed by MFI as a criterion to diagnose 

metastasis or select lymph nodes to be punctured by USgFNAC next to other 

criteria such as nodal size, fatty hilum sign, and RI obtained in the same nodes. 

2. Materials and Methods 

2.1. Patients 

A total of 102 patients with histopathologically proven HNSCC were included 

prospectively; data were analyzed retrospectively. All patients were referred for 

nodal staging (N-staging) by USgFNAC. USgFNAC was performed in all suspicious 

nodes as in a usual clinically setting. The median age was 65 years (range: 34–

87yrs); 27/102 (26%) patients were female, and 73/102 (72%) patients were male. 

(Table 1) 
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Table 1. Patient data. 

 

All cN Stages cN0-Stage 

Total Female Male Total Female Male 

N patients 102 27 (26%) 73 (72%) 56 16 (29%) 38 (68%) 

Mean age (range) 65 (34–87) 63 (45–87) 65 (34–84) 65 (34–87) 63 (51–87) 66 (34–84) 

N aspirated nodes 211   99   

Mean nodes/patient 

(range) 

2.07 (1–5) 
  

1.77 (1–5) 
 

 

 

2.2. Ultrasound and USgFNAC 

Ultrasound was performed with an EpiQ7 ultrasound system (Philips, Bothell, WA, 

USA), using a dedicated protocol for N-staging of HNSCC. The eL18–4 transducer 

(Philips) was used for conventional ultrasound (B mode), color Doppler 

sonography (CDI) for measurement of the resistive index (RI), and micro-flow 

imaging (MFI) for assessing peripheral vascularization. Before aspiration, the short 

axis diameter and morphological features of the node were assessed. MFI with 

monochrome subtraction mode imaging was used to detect the presence or 

absence of peripheral vascularity. The sampling window was placed such that it 

covered the whole lymph node and surrounding tissue. Images of the nodes with 

present or absent hilum sign and peripheral vascularization were obtained and 

categorized. The RI is calculated from the index of the peak systolic blood velocity 

(Vmax) relative to the minimal diastolic flow velocity (Vmin) reflecting the 

resistance of the microvascular flow distal of the measurement. All RI 

measurements were obtained in the hilum if present, and within the node 

otherwise. To avoid pulsation noise from the carotid artery while maximizing 

blood vessel visualization, MFI and color gain were adjusted dynamically. 

USgFNAC was performed in all nodes with a short axis diameter ≥ 7 mm, or in 

nodes <7 mm with loss of a fatty hilum sign, peripheral or mixed hilar and 

peripheral vascularity, a round shape, or an asymmetric thickened cortex. (Figures 

1–3) 



Chapter 5 

97 

 

 

 

Figure 1. MFI of peripheral vascularity in a patient with oropharyngeal SCC.  

 

At cytology metastasis SCC, MFI shows a strong peripheral vascularity which indicates malignancy; 

fatty hilum sign is absent. 
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Figure 2. Measurement of the RI 

 

in the same node as in Figure 1 with a value of 0.64, which would indicate a benign node. 

 
Figure 3. Ultrasound features of a benign node. 

 

   
(a) (b) 

(a) Hilum sign in a benign node, no peripheral vascularity. (b) Measurement RI 0.67. 

In all nodes, USgFNAC was performed with a 21G needle and cytological results 

served as the reference standard in assessing the predictive value of the US 

features. All measurements and FNAs took place by the same experienced 
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neuroradiologist with over 10 years’ experience in head and neck USgFNAC 

(P.K.d.K.-D). 

2.3. Cytology 

FNAC material was processed in smears, air dried, and stained with Giemsa stain. 

Part of the material was fixed in 10 mL 4% formalin and embedded in paraffin for 

further immunohistochemistry, if necessary, according to routine diagnostic 

workup. All samples were evaluated by experienced cytopathologists. 

2.4. Statistical Analysis 

Data of sonographic findings and cytological results of USgFNAC were statistically 

analyzed for all aspirated nodes and separately for two subsets of aspirated 

nodes: nodes from clinically node-negative necks (cN0) and nodes with a short 

axis diameter of 6 mm or less. 

In contrast to most reports in the literature, we calculated sensitivity and other 

parameters per aspirated lymph node, not per neck side or patient, as we were 

interested in the optimal criteria and not the reliability in clinical practice. We 

assessed the performance of nodal size (short axis diameter and short/long 

axis(S/L) ratio, dichotomized using S/L > 0.5, absent fatty hilum sign, presence of 

peripheral vascularization and RI in predicting cytological malignancy of an 

aspirated lymph node, using sensitivity, specificity, positive predictive value (PPV) 

and negative predictive value (NPV). For binary (including dichotomized) variables, 

these metrics were determined using the 2x2 confusion matrix. For the 

continuous variables (short axis diameter and RI), a threshold was first 

determined using ROC curve analysis such that the sensitivity was at least as large 

as for the classification using peripheral vascularization obtained by MFI. For short 

axis diameter, an additional threshold based on the literature was used (6 mm for 

all nodes, and 4 mm for cN0 subgroups) [20]. Additionally, the smallest cutoff with 

a corresponding PPV of 100% in all nodes was determined for the short axis 

diameter. 

All analyses with RI were done on the subset of lymph nodes with an available RI 

measurement. Measurement of the RI failed in 8% of the nodes, mainly in tiny or 

necrotic nodes. The performance of peripheral vascularization obtained by MFI 

was also assessed in two additional subsets of nodes: nodes with absent fatty 

hilum sign, and nodes from clinically node-negative neck with absent fatty hilum 
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sign. Note that any PPV estimate obtained in these subset analyses is by definition 

the same as would be obtained from combining the features, e.g., the PPV for 

peripheral vascularization in nodes with absent fatty hilum is the same as the PPV 

that would be obtained in the set of all nodes by predicting malignancy for nodes 

with both absent fatty hilum sign and peripheral vascularization. 

We assessed whether short axis diameter or S/L ratio differed significantly 

between cytologically malignant and cytologically benign nodes as shown by 

USgFNAC, within all nodes and in the subset cN0. Further, we assessed whether 

short axis diameter or short/long ratio of malignant nodes differed significantly 

between patients with cN+ and cN0 stage. For this, we used linear mixed effects 

models with short axis diameter or ratio as the dependent variable, the 

categorical variable of interest (cytological malignancy or cN stage) as a fixed 

effect, and patient number as a random intercept. The significance of the 

categorical variable was then determined using a likelihood ratio test with a 5% 

significance level. 

To determine 95% confidence intervals for the obtained predictive performance 

measures, accounting for the dependence between nodes from the same patient, 

we used a bootstrap procedure with 10,000 iterations. During each iteration, a 

bootstrap sample was generated by resampling patients with a replacement from 

the original dataset. Then, the sensitivity, specificity, PPV, and NPV were obtained 

for all variables as described above. From the full set of these results, the 95% 

bias-corrected accelerated confidence interval [21] was determined. This was not 

possible for all metrics, as some metrics had the same value in all bootstrap 

samples. Further, some bootstrap samples did not have at least one malignant 

and benign node in each category for certain variables, resulting in a missing value 

for that metric. When for a certain metric the computation of the BCa interval was 

not possible, when at least 5.5% of bootstrap estimates were missing, or when 

the BCa interval used order statistics among the first or last 10, the 95% binomial 

proportion confidence interval was computed for that metric instead. 

All analyses were performed with R statistical software, version 3.6.1 (R Core 

Team (2021) . R: A language and environment for statistical computing. The R 

Foundation for Statistical Computing, Vienna, Austria). 
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3. Results 

3.1. Analysis in Entire Set of Nodes 

USgFNAC was performed in 211 nodes from 102 patients. (Table 1) The mean 

number of USgFNAC punctures per patient was 2.07 (range 1–5). Out of 211 

nodes, 8 (4%) were inconclusive at cytology, 95 (45%) proved to be malignant, and 

108 (51%) did not show malignant cells. Nodes that were inconclusive at cytology 

were excluded from further analyses.  

3.1.1. Short Axis Diameter 

Malignant nodes at cytology had a significantly larger short axis diameter than 

benign nodes (p-value <.0001). The mean short axis diameter of all nodes was 9.8 

mm (SD 6.4), while it was 6.7 mm (SD 2.1) for cytologically benign nodes and 13.3 

mm (SD 7.7) for cytologically malignant nodes.  

Predicting cytological malignancy for short axis diameters ≥ 6.5 mm had a 

sensitivity of 0.88 (95% CI 0.80–0.95), a specificity of 0.45 (95% CI 0.19–0.81), a 

PPV of 0.59 (95% CI 0.45–0.82), and an NPV of 0.82 (0.59–0.89; Table 2). With a 

threshold of 6.0 mm (based on the literature), the sensitivity was 0.95 (95% CI 

0.89–0.98), the specificity was 0.25 (95% CI 0.17–0.35), the PPV was 0.53 (95% CI 

0.43–0.62), and the NPV was 0.84 (95% CI 0.68–0.94; Table 2, 3). 
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Table 2. Predictive performance of features in different subsets of nodes. 

 Data Specificity Sensitivity NPV PPV Threshold

all nodes          

p. vascularization  0.84 (0.77–0.90) 0.87 (0.80–0.93) 0.88 (0.80–0.94) 0.83 (0.74–0.90)  

absent fatty hilum 0.84 (0.77–0.90) 0.84 (0.77–0.90) 0.86 (0.76–0.92) 0.82 (0.72–0.90)  

short axis diameter 0.45 (0.19–0.81) 0.88 (0.80–0.95) 0.82 (0.59–0.89) 0.59 (0.45–0.82) 6.5 1

short axis diameter 0.25 (0.17–0.35) 0.95 (0.89–0.98) 0.84 (0.68–0.94) 0.53 (0.43–0.62) 6.0 2

resistive index 0.54 (0.34–0.70) 0.88 (0.78–0.93) 0.85 (0.72–0.92) 0.61 (0.50–0.74) 0.705 1

S/L ratio 3 0.45 (0.37–0.53) 0.88 (0.82–0.93) 0.82 (0.69–0.90) 0.59 (0.49–0.67) 0.5

cN0 patients          

p. vascularization 0.79 (0.70–0.88) 0.94 (0.56–1.00) 0.98 (0.92–1.00) 0.50 (0.27–0.71)  

absent fatty hilum 0.82 (0.73–0.89) 0.82 (0.60–1.00) 0.96 (0.89–0.99) 0.50 (0.24–0.72)  

short axis diameter  0.26 (0.15–0.55) 0.94 (0.57–1.00) 0.95 (0.59–1.00) 0.22 (0.11–0.38) 5.5 1

short axis diameter  0.05 (0.01–0.11) 1.00 (0.80–1.00)* 1.00 (0.40–1.00)* 0.19 (0.09–0.32) 4.0 2

resistive index  0.25 (0.15–0.36)* 1.00 (0.77–1.00)* 1.00 (0.81–1.00)* 0.20 (0.06–0.31) 0.615 1

S/L ratio 3 0.46 (0.36–0.56) 0.88 (0.71–1.00) 0.95 (0.82–1.00) 0.26 (0.14–0.42) 0.5

absent fatty hilum          

p. vascularization 0.71 (0.45–0.89) 0.92 (0.85–0.97) 0.67 (0.38–0.85) 0.94 (0.86–0.98)  

cN0 and absent fatty 

hilum absent 

         

p. vascularization 0.64 (0.36–0.88) 0.93 (0.50–1.00) 0.90 (0.55–1.00)* 0.72 (0.40–0.92)  

short axis diameter 

mm ≤ 6 

       

p. vascularization 0.90 (0.79–0.96) 0.73 (0.33–0.93) 0.94 (0.82–0.98) 0.62 (0.30–0.86)  

absent fatty hilum 0.80 (0.67–0.89) 0.91 (0.00–1.00) 0.98 (0.86–1.00) 0.50 (0.23–0.72)  

resistive index 0.26 (0.00–0.58) 0.80 (0.38–1.00) 0.86 (0.57–0.98) * 0.19 (0.07–0.30) 0.615 1

S/L ratio 3 0.61 (0.49–0.73) 0.82 (0.40–1.00) 0.94 (0.79–1.00) 0.32 (0.16–0.52) 0.5

The given confidence intervals are 95% bias-corrected accelerated bootstrap confidence 

intervals when possible. * 95% binomial proportion confidence interval. 1 threshold 

determined such that sensitivity ≥ sensitivity for peripheral vascularization. 2 threshold based 

on the literature. 3 ratio short axis diameter / long axis diameter. 
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Table 3. Numbers of cytologically proven malignant and benign nodes by categories 

of sonographic features. 

 Nodes at all cN Stages Nodes at cN0 Stages 
Nodes with Short Axis mm ≤ 6 

mm 

Features N Mal 3 %. Ben 4 %. N Mal 3 %. Ben 4 % N Mal 3 % Ben 4 % 

hilus + 1 106 15 14% 91 86% 67 3 4% 64 96% 40 1 3% 39 98% 

hilus − 1 97 80 82% 17 18% 28 14 50% 14 50% 20 10 50% 10 50% 

p. vasc + 2 100 83 83% 17 17% 32 16 50% 16 50% 13 8 62% 5 38% 

p. vasc − 2 103 12 12% 91 88% 63 1 2% 62 98% 47 3 6% 44 94% 

hilus−/ p. vasc + 79 74 94% 5 6% 18 13 72% 5 28% 9 7 78% 2 22% 

hilus−/ p. vasc - 18 6 33% 12 67% 10 1 10% 9 90% 11 3 27% 8 73% 

1 Hilus +/-: present and absent fatty hilum sign. 2 p. vasc +/-: present and absent peripheral 

vascularization. 3 mal = cytologically proven malignant nodes. 4 ben= cytologically proven 

benign nodes. 

 
The lowest cut-off for the short axis diameter with a PPV of 100% was 14 mm. 

3.1.2. S/L Ratio 

The mean S/L ratio was 0.62 (SD 0.17) for all nodes, 0.55 (SD 0.16) for cytologically 

benign nodes, and 0.71 (SD 0.15) for cytologically malignant nodes. Malignant 

nodes had a significantly larger S/L ratio than benign nodes (p-value <.0001). Using 

S/L ratio to predict cytological malignancy for nodes with a ratio > 0.5 had a 

sensitivity of 0.88 (95% CI 0.82–0.93), a specificity of 0.45 (95% CI 0.37–0.53), a PPV 

of 0.59 (95% CI 0.49–0.67), and an NPV of 0.82 (95% 0.69–0.90; Table 2). 

3.1.3. Resistive Index 

RI was successfully obtained for 187/203 (92%) nodes. Predicting cytological 

malignancy for nodes with RI ≥ 0.705 had a sensitivity of 0.88 (95% CI 0.78–0.93), a 

specificity of 0.54 (95% CI 0. 0.34–0.70), a PPV of 0.61 (95% CI 0.50–0.74), and an 

NPV of 0.85 (0.72–0.92; Table 2). 

3.1.4. Peripheral Vascularization  

Peripheral vascularization as shown by MFI was present in 100/203 (49.3%) nodes. 

Predicting cytological malignancy had a sensitivity of 0.87 (95% CI 0.80–0.93), a 
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specificity of 0.84 (95% CI 0.77–0.90), a PPV of 0.83 (95% CI 0.74–0.90), and an NPV 

of 0.88 (0.80–0.94. (Table 2, 3). 

3.1.5. Absent Hilum Sign 

Hilum sign was absent in 97/203 (47.8%) nodes and had a sensitivity of 0.84 (95% 

CI 0.77–0.90), a specificity of 0.84 (95% CI 0.77–0.90), a PPV of 0.82 (95% CI 0.72–

0.90), and an NPV of 0.86 (0.76–0.92) in predicting cytological malignancy.  

Among nodes with absent fatty hilum sign, peripheral vascularization obtained by 

MFI predicted cytological malignancy with a sensitivity of 0.92 (95% CI 0.85–0.97), 

a specificity of 0.71 (95% CI 0.45–0.89), a PPV of 0.94 (95% CI 0.86–0.98), and an 

NPV of 0.67 (0.38–0.85; Table 2, 3). 

3.2. Subgroup Analysis of Clinically N0-Stage 

Of the 102 patients, in 56 (55%), no suspicious lymph nodes were palpable, and 

these were categorized as cN0. In these patients, USgFNAC was performed in 99 

lymph nodes (Table 1). Cytological results were insufficient for 4 out of 99 (4%) 

nodes; these nodes were excluded. Of the remaining 95 nodes, 17 (18%) were 

cytologically malignant. 

3.2.1. Short Axis Diameter 

The mean short axis diameter was 7.4 mm (SD 3.1) for all aspirated nodes, and 6.6 

mm (SD 2.1) and 10.8 mm (SD 4.7) for cytologically confirmed benign and malignant 

nodes, respectively. 

Cytologically confirmed malignant nodes had a significantly larger short axis 

diameter than cytologically confirmed benign nodes (p-value <.0001). 

The short axis diameter of cytologically confirmed malignant nodes was not 

significantly different between patients with cN0 and cN+ stage (p-value = 0.129). 

Predicting cytological malignancy for nodes with short axis diameter ≥ 5.5 mm had 

a sensitivity of 0.94 (95% CI 0.57–1.00), a specificity of 0.26 (95% CI 0.15–0.55), a 

PPV of 0.22 (95% CI 0.11–0.38), and an NPV of 0.95 (0.59–1.00; Table 2). With a 

threshold of 4.0 mm (based on the literature) the sensitivity was 1.00 (95% CI 0.80–

1.00), the specificity was 0.05 (95% CI 0.01–0.11), the PPV was 0.19 (95% CI 0.09–

0.32), and the NPV was 1.00 (95% CI 0.40–1.00; Table 2, 3). 

3.2.2. Resistive Index 
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RI was successfully obtained for 88/95 (92%) of aspirated lymph nodes. Predicting 

cytological malignancy for nodes with RI ≥ 0.615 had a sensitivity of 1.00 (95% CI 

0.77–1.00.), a specificity of 0.25 (95% CI 0.15–0.36), a PPV of 0.20 (95% CI 0.06–

0.31), and an NPV of 1.00 (0.81–1.00; Table2). 

3.2.3. S/L Ratio 

The mean S/L ratio was 0.6 (SD 0.17) for all nodes, and was 0.5 (SD 0.16) and 0.7 

(SD 0.16) for cytologically confirmed benign and malignant nodes, respectively. 

Malignant nodes had a significantly larger S/L ratio than benign nodes (p-value 

<.001). Using S/L ratio to predict cytological malignancy for nodes with a ratio > 0.5 

had a sensitivity of 0.88 (95% CI 0.71–1.00), a specificity of 0.46 (95% CI 0.36–0.56), 

a PPV of 0.26 (95% CI 0.14–0.42), and an NPV of 0.95 (95% 0.82–1.00; Table 2). 

3.2.4. Peripheral Vascularization by MFI 

Peripheral vascularization obtained by MFI was present in 32/95 (33.7%) nodes. 

Predicting cytological malignancy had a sensitivity of 0.94 (95% CI 0.56–1.00), a 

specificity of 0.79 (95% CI 0.70–0.88), a PPV of 0.50 (95% CI 0.27–0.71); and an NPV 

of 0.98 (0.92–1.00; Table 2, 3). 

3.2.5. Absent Hilum Sign 

Fatty hilum sign was absent in 28/95 (29.5%) nodes. Predicting cytological 

malignancy had a sensitivity of 0.82 (95% CI 0.60–1.00), a specificity of 0.82 (95% CI 

0.73–0.89), a PPV of 0.50 (95% CI 0.24–0.72), and an NPV of 0.96 (0.89 -0.99; Table 

2, 3). 

Among nodes with absent hilum sign, peripheral vascularization obtained by MFI 

had a sensitivity of 0.93 (95% CI 0.50–1.00), a specificity of 0.64 (95% CI 0.36–0.88), 

a PPV of 0.72 (95% CI 0.40–0.92), and an NPV of 0.90 (0.55–1.00) for the prediction 

of cytological malignancy (Table 2, 3). 

3.3. Subgroup Nodes with Short Axis Diameter ≤ 6 mm 

Short axis diameter was ≤ 6 mm for 60/203 (29.6%) nodes.  

3.3.1. Resistive Index 

RI was successfully obtained for 56/60 (93%) nodes. Predicting cytological 

malignancy for nodes with RI ≥ 0.615 had a sensitivity of 0.80 (95% CI 0.38–1.00.), 



Value of Assessing Peripheral Vascularization With Micro-flow Imaging 

106 

 

a specificity of 0.26 (95% CI 0.00–0.58), a PPV of 0.32 (95% CI 0.07–0.30), and an 

NPV of 86 (0.57–0.98). 

3.3.2. S/L Ratio  

Using the S/L ratio to predict cytological malignancy for nodes with a ratio > 0.5 had 

a sensitivity of 0.82 (95% CI 0.40–1.00), a specificity of 0.61 (95% CI 0.49–0.73), a 

PPV of 0.32 (95% CI 0.16–0.52), and an NPV of 0.94 (95% 0.79–1.00; Table 2). 

3.3.3. Peripheral Vascularization by MFI 

Peripheral vascularization obtained by MFI was present in 13/60 (21.7%) nodes. 

Predicting cytological malignancy had a sensitivity of 0.73 (95% CI 0.33–0.93), a 

specificity of 0.90 (95% CI 0.79–0.96), a PPV of 0.62 (95% CI 0.30–0.86), and an NPV 

of 0.94 (0.82–0.98; Table 2, 3). 

3.3.4. Absent Hilum Sign 

Fatty hilum sign was absent in 20/60 (33.3%) nodes. Predicting cytological 

malignancy had a sensitivity of 0.91 (95% CI 0.00–1.00), a specificity of 0.80 (95% CI 

0.67–0.89), a PPV of 0.50 (95% CI 0.23–0.72), and an NPV of 0.98 (0.86–1.00; Table 

2, 3) 

4. Discussion 

Ultrasound enables better assessment of the morphology of small nodes than other 

modalities [22]. USgFNAC is commonly used to detect metastatic spread and is 

reported to have a sensitivity of 81% [23]. In a systematic review, USgFNAC has 

been shown to be much less sensitive for patients with cN0 neck with a pooled 

sensitivity of 66% (95% CI 54–77%) [24]. 

Nodal size is an important feature used for selecting nodes for USgFNAC. Van den 

Brekel et al. showed that different radiologists obtain varying sensitivities, mainly 

based on selection of lymph nodes being aspirated. The more rigorous the 

aspiration policy, the higher the sensitivity [20]. In general, it has been concluded 

by Borgemeester et al. that, apart from features such as round shape, cortical 

widening, and absence of a hilum, in cN0 necks, nodes should be aspirated when 

they have a short axis diameter of at least 5–6 mm for level II and 4–5 mm for the 

rest of the neck levels [25]. 
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Using these small cut-off values, we will have to deal with more reactive lymph 

nodes as well as more non-diagnostic aspirates. On the other hand, using a larger 

cut-off diameter for selection will lead to more false negatives. We should also 

realize that micro metastases and metastases smaller than 4mm will rarely be 

detected by USgFNAC and these metastases might well be the only metastases 

present in up to 25% of cN0 necks with clinically occult metastases [26]. 

Although selection of the nodes to aspirate is important for increasing sensitivity, 

on the other hand, aspiration can be obviated in lymph nodes that have 

morphological criteria for malignancy that cannot be ignored in treatment 

selection. In fact, this means that in lymph nodes that are truly enlarged, necrotic, 

or otherwise almost certainly malignant, cytological confirmation is not necessary 

in case of a known primary cancer. 

We found that a large, short axis diameter was very reliable in predicting cytological 

malignancy. In fact, all of the aspirates of lymph nodes with a short axis length of at 

least 14 mm were tumor positive. Of those with a shorter short axis, 63% were 

benign. 

However, to achieve a high sensitivity, smaller lymph nodes should also be 

aspirated. Comparing diameter as a criterion with MFI, we found that the short axis 

criterion with the same sensitivity as peripheral vascularization obtained by MFI 

yielded a substantially lower specificity (45% vs. 84% in all nodes and 26% vs. 79% 

in nodes from patients with cN0 neck). 

Another important predictor for cytologically confirmed malignancy is the nodal 

shape, as malignant nodes tend to be more round with a S/L ratio above 0.5. [27] 

[10]. In our study we also found a significantly larger S/L ratio in cytologically 

malignant nodes than in benign nodes. A ratio >0.5 predicted cytological 

malignancy correctly in 59% of all nodes, with a sensitivity of 88% and a specificity 

of 45%. This performance is very similar to that of the short axis diameter with our 

determined threshold of 6.5 mm. Similar results were obtained in the subset of 

patients with cN0 neck. 

Size and S/L ratio are important features to select nodes for FNAC, but this study 

shows that selection criteria can be improved when combining them with 

morphological criteria. 
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In our study, we evaluated the absence of a fatty hilum sign as the presence of an 

echogenic hilum in a lymph node can be a sign of a benign lymph node [13]. 

Including the entire cN0 and cN+ patient group, 82% of the nodes with an absent 

fatty hilum sign were malignant at cytology, while this was 50 % in N0 necks. The 

sensitivity of this criterion for all lymph nodes and for the lymph nodes in the cN0 

necks was 91% and 82%, whereas specificity was 80% and 82%, respectively. 

Ghafoori et al. showed that vascular patterns had better performance than size and 

RI when predicting cytological malignancy of a node in a study of large palpable 

cervical lymph nodes (accuracy 89%, sensitivity 85%, specificity 93%). [28]. 

However, in this study only the largest palpable lymph nodes with a mean short axis 

diameter of 22.6 mm for malignant nodes and 16.6 mm for benign nodes were 

evaluated, which are large compared with our study. Visualization of morphological 

changes and vascular patterns is much more difficult in small lymph nodes. MFI is 

designed to improve the visualization of blood flow, especially in micro vessels [29]. 

Using MFI, we were able to detect peripheral micro vascularization in small nodes. 

Peripheral vascularization had a PPV of 50% in nodes from cN0 patients (NPV 98%, 

sensitivity 94%, specificity 79%), while the PPV was 83% in nodes from all cN stages 

(NPV 88%, sensitivity 87%, specificity 84%). 

In nodes with absent hilum sign and present peripheral vascularization from 

patients with all cN stages, 94% of the nodes were malignant at USgFNAC, while 

72% were malignant for patients with cN0 neck. The sensitivity in both groups is 

comparable (92% for all patients, 93% for patients with cN0 neck) and specificity is 

reasonably high (79% and 64%). 

The sensitivity of USgFNAC in patients with cN0 is reported to be in the range of 

42–73% [30]. The specificity of USgFNAC is always in the order of 100% as false 

positive cytology is rare. The difference in sensitivity is mainly attributable to 

selection of the lymph nodes to aspirate and for aspiration technique. Selection of 

the most suspicious lymph nodes is on the one hand guided by location of the 

primary tumor, with known patterns of metastases, and on the other hand by size, 

shape and morphological criteria. In our study we found clear evidence that 

selection of the lymph nodes for aspiration can be improved by using not only size 

and shape, but also peripheral vascularization as detected by MFI. In nodes with a 

short axis diameter of 6 mm and smaller, 62% of the nodes with present peripheral 

vascularization and 50% with absent fatty hilum sign were malignant. In those small 

nodes, absence of fatty hilum sign had a higher sensitivity (91%) than peripheral 
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vascularization (73%), but a lower specificity (80% vs. 90%). The positive predictive 

value was highest when combining absent fatty hilum sign and peripheral 

vascularization, although only a few nodes showed this combination. Assessment 

of peripheral vascularization with MFI can be done while adding hardly any 

examination time. 

However, not all metastatic lymph nodes have peripheral vascularization or an 

absent hilum, so absence of these features should not be used as the sole reason 

not to aspirate from these lymph nodes. The size and location in the neck, relative 

to the primary tumor, are important selection criteria as well. 

Adding RI measurements is time consuming, especially in tiny nodes. In large 

necrotic nodes, the RI is sometimes not measurable. In accordance with the 

findings of Ahuja et al, our results show that the intravascular pattern appears more 

useful in distinguishing malignant from benign nodes than the RI [31]. 

Because we tested these criteria in patients treated with organ preservation, we 

only have cytological results and no histopathology of the neck dissection. In 

general, USgFNAC overlooks 20–40% of the neck sides with occult metastases, 

mostly very small nodes [4]. Some of these micro metastases likely will not have 

features related to size, shape, hilum, or vascularization. As a consequence, US 

criteria for these small metastases are likely never to be found and a certain limit 

of the accuracy has to be accepted. However, our study reflects the clinical 

workflow in most hospitals, where USgFNAC is used together with PET-CT (or other 

modalities) for the purpose of nodal staging and treatment selection. The results of 

our study can therefore be used to better identify nodes for which USgFNAC should 

be performed. 

Another issue is that in some patients with a known head and neck cancer and 

already clinically apparent lymph node metastases, nodes with US features (large 

diameter, peripheral vascularization, no hilum) that are almost pathognomonic for 

metastases are found on ultrasound. For these patients, cytological proof has no 

clinical significance, as these nodes need treatment, and a negative cytology is not 

trustworthy. From our study, we can conclude that lymph nodes with a minimal 

axial diameter larger than 14 mm, but also lymph nodes without a hilum and with 

peripheral vascularization, have such a high incidence of positive cytology that one 

could consider refraining from aspiration in these nodes and categorize them as 

malignant, based on morphological criteria. 
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5. Conclusions 

Detection of peripheral vascularization in lymph nodes using MFI has, similar to the 

loss of fatty hilum, a high predictive value in predicting metastases by USgFNAC. 

Peripheral vascularization has a high sensitivity and can also be (quickly) assessed 

in small nodes, such as nodes from cN0 necks. Although in all necks peripheral 

vascularization has a similar PPV as absent fatty hilum, in nodes with clinical N0-

stage the sensitivity is remarkably higher (94%) than for the absent fatty hilum sign 

(82%). Peripheral vascularization should be used in combination with an absent 

fatty hilum sign, nodal size and shape to select lymph nodes for USgFNAC. As 

USgFNAC can also have false negative cytological results, a negative cytology in 

nodes which show these US criteria should be distrusted and USgFNAC should be 

repeated. 
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General discussion 

Accurate TNM staging in HNSCC is crucial for treatment planning and outcome 

prediction. If cervical lymph node metastases are present survival is reduced with 

approximately 50%, especially in HPV-negative patients [1]. Clinical evaluation of 

the neck has a sensitivity of around 60% -70% which means that 30- 40% of the 

metastases are not detected [2]. Treatment morbidity should be minimalized. If the 

risk of occult metastases is considered to be very low, watchful waiting with close 

follow-up can be considered [3]. Although there is still a lot of debate about the 

optimal management strategy, watchful waiting is often employed in low risk 

superficial oral cancer and for the contralateral neck in many HNSCCs. 

In oral cancer, there is a tendency to either perform elective selective neck 

dissection or sentinel node biopsies[4]. However, the extent of selective elective 

neck dissection (ND) and  radiotherapy  (RT) as well as the dose of RT also depend 

on TNM-stage which means that accurate staging is very important [5,6]. FDG PET-

CT and USgFNAC are commonly used to detect nodal metastases in HNSCC. 

Detection of metastatic lymph nodes by CT and MRI mainly depends on size criteria 

(minimum axial diameter). Both imaging techniques have a moderate sensitivity 

(74-78%) and specificity (76-80%) [7]. Functional imaging techniques such as PET-

CT, perfusion MRI, diffusion-weighted magnetic resonance imaging (DW- MRI) and 

Power Doppler sonography also depict metabolic parameters. For nodal staging 

DW-MRI has been shown to have a better performance than turbo spin-echo MRI 

with a higher sensitivity (76% vs 7%), but a slightly lower specificity (94% vs 99.5%), 

in detecting sub-centimeter nodal metastases [8]. PET-CT has been reported with a 

significantly higher accuracy  in node-staging than MRI and CT [9] but nevertheless 

in small nodes it can be difficult to distinguish between reactive and malignant  PET-

positive nodes. Although a high sensitivity of USgFNAC  has been reported [10] 

sensitivity drops in the palpatory negative (cN0) neck [11]. Small PET-positive nodes 

can have a normal morphological appearance on ultrasound and differentiation 

between reactivity and malignancy in  small PET-positive nodes can be challenging. 

Real time image fusion of PET-CT and ultrasound could help to localize and to 

distinguish these nodes. Although real time image fusion and fused guided biopsy 

has been  already used clinically in liver and prostate [12], [13], no research for real 

time image fusion in the  head and neck region is  available. We were able to show 

that real time image fusion of PET-CT and ultrasound is feasible. Fusion enables   

better  detection of small PET-positive nodes  for node selection by fused 
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ultrasound guided FNAC (fused-USgFNAC) [14]. However , puncture of all small PET-

positive nodes to improve the sensitivity of PET-CT will lead to a high rate of 

unnecessary punctures. SUVmax cut of values should help to diminish these 

unnecessary punctures.  In HNSCC nodes a SUVmax values of around 4.5 is 

proposed to  predict malignancy [15]. We found that at a SUVmax cut of value of 2.87 

and lower no malignant nodes could be detected with fused-USgFNAC. 

Consequently, there would be no need to puncture nodes with a SUVmax value lower 

than 2.87. Mainly in small nodes with a low FDG uptake and SUVmax values between 

2.87 and 4.5 it is difficult to distinguish between reactive and metastatic nodes and 

those nodes form a major problem to be selected for puncture. To avoid node 

selection errors for nodes with this cut off values fused-USgFNAC can be performed 

as a problem solving tool. To avoid false negatives, USgFNAC should be repeated in 

nodes with a benign cytological result and a SUVmax values >= 2.87. All nodes 

between a SUVmax value of 2.87 to 4.5 but also nodes up to a SUVmax value of 10 

have to be punctured because in these range of SUVmax values malignant and 

reactive nodes were present. To avoid sampling errors UsgFNAC should be 

repeated in nodes with a benign cytological result and a SUVmax values of >/= 2.87.  

Above a SUVmax value of 10.7  all nodes were malignant and theoretically there is 

no need for puncture in those nodes.  

SUVmax values were reported to be significantly higher in non-HPV related nodes. In 

our study we found a higher mean SUVmax value in malignant HPV-negative nodes 

than in malignant HPV-positive nodes, but this was statistically not significant. 

Metastases have an increased cellularity which leads to a restricted diffusion, and 

quantitative analyses by apparent diffusion coefficient (ADC) map lead 

consequently to a lower ADC. They also have a higher metabolism which leads to a 

higher FDG-uptake on PET-CT. An inverse correlation between FDG-uptake and ADC 

has been reported [16], [17].  ADC could therefore be helpful to distinguish 

between reactive and malignant PET-positive nodes. We demonstrated  a slight 

inverse correlation between FDG-uptake and ADC values. Malignant and benign 

PET-positive nodes had a significantly lower ADC than PET-negative reference 

nodes but generally we were not able to distinguish between malignant and benign  

PET-positive nodes. A possible explanation could be that also reactive lymph nodes 

also have a higher cell proliferation [18]. Interestingly, we found a significantly 

lower ADC in the subgroup of non-HPV related malignant PET-positive nodes 

compared to benign PET-positive nodes [19].  
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SUVmax values were reported significantly higher in non-HPV related nodes 

compared to HPV-related nodes. In a meta-analysis higher SUVmax values in non-

HPV related tumors were found but SUVmax scores differentiation  between HPV-

positive and HPV- negative tumors was not possible [20],[21]. The results of our 

study also emphasize a higher SUVmax value in non-HPV- related metastatic lymph 

nodes compared to HPV-related nodes, although this was not statistically 

significant. 

 Next to MRI, DW-MRI and PET-CT,  ultrasound by itself can be an important imaging 

modality to select nodes to be punctured. Next to node size, necrosis, and 

extracapsular spread, absent hilum sign, peripheral vascularization and elasticity 

are important ultrasound features to predict metastatic lymph nodes. 

[22],[23],[24],[25],[26],[27]. Power Doppler imaging (PDI) enables  detection of 

macro-vascularization in lymph nodes.  Changes in vascularization in small nodes 

are  often not detected [28]. Micro flow imaging (MFI) is a new modality to detect 

small vessel flow with high resolution. It has been shown that MFI has a higher 

sensitivity in detecting tumor vascularity than PDI [29],[30],[31]. Peripheral 

vascularization to predict malignancy of lymph nodes detected by MFI has not be 

investigated until now. Using MFI we were able to show that peripheral 

vascularization combined with the absent hilum are  important imaging features to 

predict malignancy in USgFNAC. We also demonstrated  that in cN0 necks the 

presence of peripheral vascularization has a remarkable higher PPV (94%) than 

absent fatty hilum sign (82%) and minimal axial diameters at a threshold of 5.5mm 

and 4mm (22%  and 19%, respectively). 

Our study workflow followed the routine clinical work flow used in most hospitals 

where PET-CT, MRI and USgFNAC are used for tumor and nodal staging and 

treatment decisions. Because most of the patients were treated with organ 

preservation we did not have histopathological findings as reference standard but 

only cytological results. Therefore sampling errors leading to false negative results 

cannot be excluded  and we could not calculate sensitivity and specificity. However, 

using the features described in this thesis, we improved the selection criteria for 

nodes to be punctured. One should realize though, that micro-metastases will not 

be detectable with any imaging tool and a certain limit of accuracy has to be 

accepted.  

Real time image fusion of PET-CT and ultrasound needs, even in hands of a well-

trained radiologist, at least 10 minutes extra time. Therefore it should only be used 
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as a problem solving tool for small PET-positive nodes which are not clearly 

recognized on ultrasound. 

In this study, all ultrasound examinations using MFI and fused-USgFNAC were 

performed by one radiologist specialized in Head and Neck cancer imaging. 

Therefore, the inter-observer variability is yet unknown and results should be 

confirmed in larger studies. 

  

Future perspectives 

For optimal treatment with less morbidity, treatment has to develop towards a 

more and more individualized treatment strategy.  

Accurate nodal-staging is an essential parameter for individualized  treatment 

planning. Distinguishing small malignant nodes from small reactive nodes is 

challenging and a high accuracy in nodal staging still means a high rate of nodal 

punctures. Anatomical and metabolic features of nodes should be compared and 

combined to select  nodes to be punctured. Machine-learning texture analysis of 

images (radiomics) and artificial intelligence (AI) are promising tools in head and 

neck cancer [32]. Imaging protocols should be standardized to be able to develop 

reliable AI models supporting imaging tools in clinical practice. Real time image 

fusion with ultrasound and MRI of PET-CT could help to detect nodes on ultrasound 

to perform ultrasound guided punctures. 

Ultrasound and ultrasound guided FNAC are commonly used for nodal-staging in 

HNC. Besides anatomical imaging new functional imaging techniques such as MFI 

and Elastography care potentially valuable imaging techniques that could  improve 

the prediction of malignant lymph node metastases and the selection of nodes to 

be punctured [33], [34]. 

PET-CT is now the gold standard for noninvasive functional imaging in oncology. 

However, in HNSCC it still has his limitations. New digital PET-CT scanners have 

increased effective sensitivity and  improved spatial resolution and therefore 

improved visibility of small lesions which is important to detect nodal metastases 

[35]. 

New oncological tracers are being developed. Hypoxia is a feature of human tumors 

and is also present in HNSCC nodal metastases. Hypoxic cells can be resistant to 
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radiotherapy and several chemotherapeutic drugs [36]. 18F-fluoromisonidazole (18 

F-MISO), a nitro-imidazole PET-tracer, is used for the detection of hypoxia in 

HNSCC. In a recent study it has been  shown that patients with hypoxic tumors will 

most likely benefit  from tirapazamine-containing chemo-radiotherapy while 

patients without hypoxic tumors will not benefit [37].  

Poly(ADP-ribose) polymerases (PARP) are DNA-damage repair enzymes. Novel 

cancer therapies such as PRAP inhibitors inhibit the cell repair in cancer cells which 

will potentiate the cytotoxic effect of chemotherapy. The first clinically approved 

and most studied PARP inhibitor is olaparib. It has been reported that 30%–70% of 

patients with mutations in DNA damage repair machinery do not respond to 

therapies including PARP inhibitors [38]. 18F-olaparib PET is a promising noninvasive 

tumor imaging technique to measure PARP expression in vivo  and to monitor 

radiation damage [39]. 

An increased specificity and visibility of tracer uptake should lead to a higher 

specificity of detection of nodal involvement and to less unnecessary punctures.   

For staging MRI and PET-CT are common used. MRI has a higher resolution to detect 

tumor involvement of anatomical structures and perfusion and DWI detect 

metabolic alterations. PET-CT has the advantage to detect metabolic changes in 

small tumors and lymph nodes.  Integrated PET/MRI combines anatomically 

imaging and functional imaging and these scanners can combine the information of 

PET and MRI and might be useful in preoperative staging of HNC [40]. Integrated 

parametric imaging of tumor anatomy, function and metabolism can also serve 

further development of multimodality imaging empowered by AI. 

Sentinel lymph node (SN) biopsy is the most sensitive detection technique in the 

N0 neck  [41]. However, it is an invasive, expensive and complicated staging 

technique, that should be reserved for necks that are negative at staging with 

modern staging techniques. 

 

Conclusion and recommendations 

The criteria of an absent fatty hilum sign and peripheral vascularization applied in 

USgFNAC show high PPVs for prediction of malignant nodes and should be added 

as selection criteria for fine needle aspiration in lymph nodes 
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Real time image fusion of PET-CT and ultrasound is feasible and can improve the 

detection rate of subclinical metastases in HNSSC. Because it is time consuming it 

should not be used routinely but as a problem-solving tool. 

Small PET-positive reactive nodes are difficult to distinguish from small PET-positive 

malignant nodes. Using SUVmax cut of values of 2.87 and higher can improve the 

detection rate of malignant PET-positive nodes but this low cut off value will lead 

to a high rate of unnecessary punctures. 

With DW-MRI we were able to show a mild inverse correlation between FDG-

uptake and ADC values but we were not able to distinguish between malignant and 

benign/reactive PET-positive nodes in general. However, in the subgroup of non-

HPV related nodes lower ADC values in cytologically malignant PET-positive nodes 

were observed as compared to the cytologically benign nodes , which should help 

inform the node selection procedure for puncture.  
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English Summary 

 

Summary per Chapter 

 

Chapter 1 (Introduction of the Thesis): Squamous cell carcinoma of the head and 

neck is globally the seventh most common malignancy. The presence of cervical 

lymph nodes is one of the most important predictors for survival. Exact N-staging is 

most important for prediction  of survival and individualised treatment planning. 

Clinically examination generally overlooks 30-40% of the metastatic lymph nodes. 

Interpretation of anatomical images is mainly based on lymph node size and shape 

and signs of infiltration of surrounding tissues. CT and MRI have a moderate 

sensitivity and specificity. US and USgFNAC are generally used and especially 

USgFNAC has  a high specificity. Clinically node-negative necks are challenging. 30% 

of lymph nodes with micro-metastases have a minimal  axial diameter below 3 mm. 

Nodes with a minimal axial diameter of 2-3 mm and larger should be aspirated to 

get a high sensitivity. Functional imaging techniques enable detection of  metabolic 

alterations and are an important modality  for oncological imaging. With Power 

Doppler ultrasound (PDUS) on ultrasound macro-vascular flow pattern of tumours 

can be visualized. PET is a very sensitive  functional imaging technique  to assess 

metabolic changes in tumours and an important imaging tool for staging in head 

and neck cancer but in small PET-positive lymph nodes it is very difficult to 

distinguish between reactive and malignant nodes. Diffusion weighted magnetic 

resonance imaging (DW-MRI) has an increasing importance in head and neck 

imaging. It has been shown that it has a better diagnostic performance in detecting  

lymph node metastases than turbo spine-echo MRI. Micro flow imaging (MFI) is a 

new imaging technique for ultrasound to visualize micro flow patterns  in tumour 

vascularisation. 

New fusion technologies technology enables real time image  fusion (MRI, CT or  

PET-CT) with live ultrasound. Fusion enables  detection of  the location of lesions 

on ultrasound and provides the possibility to guide the needle route for 

percutaneous interventional procedures. 

Aim of the scientific work in  this thesis was assessment of the diagnostic 

performance of new imaging tools in N-staging of HNSCC and its possible added 

diagnostic and therapeutic value.  
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Chapter 2: We investigated the feasibility of real time ultrasound image fusion with 

FDG PET-CT. We were able to show that real time image fusion of FDG PET-CT and 

ultrasound with  head and neck nodes is feasible and allows accurate US 

identification of FDG PET positive nodes. Due to fusion additional PET positive 

nodes were recognized on ultrasound. Fused USgFNAC enabled  a higher detection 

rate of malignancy in nodes. N-stage was upgraded in 9% of the patients. Although 

a higher rate of malignant PET positive nodes was found, the detection rate from 

malignant PET-positive nodes increased only from 51% to 53%, which was not 

significant. This may  largely be explained by the small size of the additional Fused 

USgFNAC nodes indicating an increase in sensitivity in small nodes. In small PET-

positive nodes with low SUVmax uptake it is difficult to distinguish between 

reactive and malignant nodes. Ultrasound of these PET-positive nodes may well 

show  a normal anatomy. Image fusion can help to detect this PET- positive nodes 

to perform Fused USgFNAC and therefore increase  sensitivity of USgFNAC.. 

Because image fusion of the head and neck is time consuming it mainly should be 

used as a problem solving tool in small borderline FDG PET-positive nodes which 

are difficult to identify on routine USgFNAC. 

 

Chapter 3: For treatment decisions exact nodal stage (N-stage) of HNSCC is most 

important. If the risk of occult lymph node metastases is very low elective 

treatment will   not  be necessary. FDG-PET CT and ultrasound guided fine needle 

aspiration cytology (USgFNAC) are commonly used for nodal staging in HNSSC. 

Distinction between  malignant small PET-positive nodes with low FDG uptake and  

reactive nodes can be difficult. Real time image fusion helps to identify these 

borderline nodes for guided FNAC (Fused-USgFNAC). The aim of chapter 3 was to 

determine optimal SUVmax values to select nodes for USgFNAC to improve USgFNAC 

sensitivity. In our study only 7% of the aspirated nodes were PET-negative and none 

of these nodes was malignant at cytology.  

Generally a node with a SUVmax value above 4.5 may be  considered to be 

metastatic. In our study all nodes below a SUVmax  value of 2.87 were benign and all 

nodes above a SUVmax value of 10.6 were malignant. A SUVmax value between 2.87 

and 4.5 will provide the major clinically problem in this cases and also up to a SUVmax 

value of 10.6 Fused-USgFNAC might be a helpful problem-solving imaging tool. 

Nodes with a SUVmax below 2.87 could be considered to be benign and with a SUVmax 

above 10.6 to be malignant and puncture would not be necessary. 
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In HPV related nodes the mean SUVmax values were slightly lower but this was 

statistically not significant. 

 

 

Chapter 4: Diffusion-weighted magnetic resonance imaging (DW-MRI), 18F-

fluordeoxyglucose positron emission tomography (FDG-PET) and ultrasound guided 

fine needle aspiration cytology (USgFNAC) are commonly used for nodal staging (N-

staging) in head and neck squamous cell carcinoma (HNSCC). The specificity of 

USgFNAC is always in the order of 100% as false positive cytology is rare. The 

differences in sensitivity mainly depend on the selection of nodes to aspirate and 

aspiration technique. PET-CT has a good performance in nodal staging for HNSCC 

but differentiation of small PET- positive malignant from small PET-positive reactive 

nodes is still a problem. Therefore node selection especially for these nodes to be 

aspirated is still challenging. The aim of this chapter is, to examine if DW-MRI may 

be helpful to detect nodal metastases.  An  inverse relationship between the 

apparent diffusion coefficient (ADC) (=quantitative analyses of DWI) and FDG 

uptake has been shown. Aim of this study was to investigate if ADC will be helpful 

to distinguish PET-positive malignant from PET-positive reactive nodes and so 

improve node selection for puncture. We found a negative correlation between 

SUVmax and ADC values. ADC was significantly higher in PET-negative reference 

nodes than in PET-positive nodes. Generally ADC values of PET-positive malignant 

nodes did not differ significantly  from PET-positive benign (reactive) nodes, but in 

the subgroup of non-HPV related nodes PET-positive malignant nodes had 

significantly lower ADC values than PET-positive benign nodes. These significant 

findings indicate that the measurement of ADC might be helpful to differentiate 

between small malignant non-HPV-related PET-positive and reactive non-HPV-

related PET-positive nodes, and this implies that if a node is PET-positive, then DW-

MRI will improve node selection for puncture. 

 

Chapter 5: Ultrasound-guided fine needle aspiration cytology (USgFNAC) has a high 

specificity in the order of 100% as false positive cytology is rare. It is commonly used 

for N-staging in HNSCC-patients. We investigated different ultrasound futures as 

size, hilum sign, restive index (RI) and peripheral vascularization obtained by micro-

flow imaging as a predictor of malignancy in lymph nodes of HNSCC.  Micro-flow 
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imaging is a new technique to visualize not only macro-flow but also micro-flow 

vascular patterns. Aim of this study was to improve the selection criteria for nodes 

to be aspirated.  We demonstrated  that the positive predictive value (PPV) for 

malignancy at cytology was 83% if peripheral vascularization was present as 

assessed by MFI and 82% if an absent hilum sign was present. If both features were 

present the PPV proved to be 94%. We concluded that next to size, the combination 

of a absent fatty hilum sign and present peripheral vascularization should be used 

as an additionally criteria to select neck nodes for fine needle aspiration in HNSCC-

patients . 

 

Chapter 6:  For treatment planning in HNSCC exact nodal staging is essential and 

still, mainly in cN0 necks, very challenging. Treatment should be as effective as 

possible but treatment damages should be minimized. FNAC is generally used for 

nodal-staging in HNSSC but node selection for nodes to be punctured  is 

challenging. In our research we wanted to observe if available new imaging 

techniques such as MFI and real time image fusion of ultrasound and PET-CT are 

available, will help to improve node selection criteria of nodal staging and will 

improve sensitivity.  

Using MFI we were able to show that peripheral vascularization combined  with 

absent hilum has a high PPV for malignancy in USgFNAC nodes. In cN0 necks the 

presence of peripheral vascularization has a remarkable higher PPV (94%) than 

absent fatty hilum sign (82%) and minimal axial diameters at a threshold of 5.5mm 

and 4mm (22%  and19%, respectively). 

We were able to show that real time image fusion of PET-CT and ultrasound is 

feasible in HNSCC and image fused guided FNAC improves the detection rate of 

malignant PET-positive nodes which should improve sensitivity. We established cut-

off values for nodes to be punctured and found that nodes with a SUVmax value 

lower than 2.87 were all benign and higher than 10.6 were all malignant. Nodes 

between a SUVmax of 2.87 and 10.6 must be punctured.  

We found a mild inverse relationship between ADC values and SUVmax values and 

significant lower ADC values in PET-positive than in PET-negative nodes but in 

generally we were not able to distinguish between malignant and reactive PET-

positive nodes. Remarkable, in the subgroup of non HPV-related nodes, we found 
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lower ADC values in malignant PET-positive nodes compared to benign PET-positive 

nodes. 

We conclude that peripheral vascularization in cN0 can has a high PPV for 

malignancy in cN0 nodes and should be helpful in node selection for punctures, and 

it can easily can be added to the routine-work-up. 

 Real time image fusion is feasible in HNSCCC and fused guided FNAC can be used 

as a problem-solving tool to puncture small PET-positive nodes with normal 

anatomically features. Using SUVmax- cut off values can help to limit unnecessary 

node punctures. In non HPV-related nodes we found a significant lower ADC values  

in malignant PET-positive than in benign PET-positive nodes,. This indicates that 

ADC could be added to node selection criteria’s for puncture of PET-positive nodes. 

As the non HPV-related group was performed in a small group of patients research 

in a larger group should be performed in future.  
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Nederlandse samenvatting  

 

Samenvatting per hoofdstuk 

 

Hoofdstuk 1 (Introductie van de Thesis): Plaveiselcelcarcinoom van het hoofd-

halsgebied is wereldwijd de zevende meest voorkomende maligniteit. De 

aanwezigheid van cervicale lymfeklieren is een van de belangrijkste voorspellers 

voor overleving. Exacte N-stadiëring is het belangrijkst voor het voorspellen van 

overleving en geïndividualiseerde behandelplanning.  

Bij klinisch onderzoek wordt over het algemeen 30-40% van de metastasen over 

het hoofd gezien. Interpretatie van anatomische beeldvorming is voornamelijk 

gebaseerd op grootte, vorm van de klieren, centrale necrose in klieren  en tekenen 

van infiltratie van het omringende weefsel. CT en MRI hebben een matige 

sensitiviteit en specificiteit. Echografie (US) en in het bijzonder echogeleide punctie 

cytologische punctie (USgFNAC) worden over het algemeen gebruikt voor 

diagnostiek en hebben een hoge specificiteit. Diagnostiek van halzen  die  bij 

klinische onderzoek geen palpabele klieren tonen is problematisch. De minimale 

axiale diameter  van 30% van de klieren met micro-metastasen is kleiner dan 3 mm. 

Om een hoge sensitiviteit te krijgen moeten klieren met een minimale axiale 

diameter van groter/ gelijk dan 2-3 mm geaspireerd worden. 

Functionele beeldvormingstechnieken kunnen metabole veranderingen 

weergeven en zijn een belangrijk hulpmiddel voor oncologische beeldvorming. Met 

Doppler-echografie kan het macro-vasculaire stroompatroon van tumoren worden 

gevisualiseerd. 

PET is een zeer gevoelige functionele beeldvormingstechniek om metabole 

veranderingen in tumoren te beoordelen en een belangrijk beeldvormend 

hulpmiddel voor stadiëring bij hoofd-hals carcinomen, maar in kleine PET-positieve 

lymfeklieren is het erg moeilijk om onderscheid te maken tussen reactieve en 

maligne klieren. 

Diffusie gewogen MRI-beeldvorming wordt steeds belangrijker bij beeldvorming 

van hoofd en hals. Er werd aangetoond dat het betere diagnostische mogelijkheden 
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heeft voor detectie  van lymfekliermetastasen dan MRI-beeldvorming met de 

turbo-Spin Echo techniek. 

Microflow-beeldvorming is een nieuwe beeldvormingstechniek om middels 

ultrasound micro-vasculaire patronen in tumorvaten te visualiseren.  

 

Nieuwe technologie voor beeldfusie maakt real-time beeldfusie met MRI, CT of 

PET-CT enerzijds met real-time echografie anderzijds mogelijk. Fusie kan helpen om 

locatie van klieren  op echografie te detecteren en biedt de mogelijkheid om de 

naaldroute voor percutane interventionele procedures te begeleiden. 

Het doel van het wetenschappelijk werk in dit proefschrift was het beoordelen van 

de diagnostische mogelijkheden  van nieuwe beeldvormende modaliteiten in N-

stadiëring van HNSCC en de mogelijke toegevoegde diagnostische en 

therapeutische waarde ervan. 

 

Hoofdstuk 2: In dit hoofdstuk hebben we de haalbaarheid van real-time ultrasound 

beeldfusie met FDG PET-CT onderzocht. We konden aantonen dat real-time 

beeldfusie van FDG PET-CT en echografie van klieren in de hals mogelijk is en een 

nauwkeurige identificatie van FDG PET-positieve klieren mogelijk maakt. Door fusie 

werden extra PET-positieve klieren op echografie herkend en kan een Fusie-geleide 

USgFNAC (Fusie-USgFNAC) plaatsvinden, wat tot een hoger aantal detecteerde 

maligne  klieren leidde. N-stadium werd bij 9% van de patiënten opgewaardeerd. 

Hoewel een hoger percentage maligne PET-positieve klieren werd gevonden nam  

het detectiepercentage van maligne PET-positieve klieren slechts toe van 51% tot 

53% wat niet statistisch significant is. Dit kan grotendeels worden verklaard door 

de geringe  afmeting  van de extra Fused-USgFNAC-klieren, wat op een toename in 

sensitiviteit in kleine klieren wijst. In kleine PET-positieve klieren met een lage 

SUVmax-opname is het moeilijk om middels echografie onderscheid te maken 

tussen reactieve klieren en maligne klieren; deze tonen  op echografie meestal  een 

normale anatomie. Beeldfusie kan helpen om deze PET-positieve klieren te 

detecteren en om een Fused-USgFNAC uit te voeren. Middels Fused-USgFNAC kan 

de sensitiviteit  van USgFNAC verhoogd worden. Omdat beeldfusie van hals klieren 

tijdrovend is, moet het vooral als een probleemoplossend hulpmiddel in kleine 
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borderline FDG PET-positieve klieren, die moeilijk te identificeren zijn op routine 

USgFNAC, worden gebruikt. 

 

Hoofdstuk 3: Voor therapeutische beslissingen is het exacte klier stadium (N-

stadium) van HNSCC het belangrijkst. Als de kans op occulte lymfekliermetastasen 

erg laag is, is een  electieve behandeling niet (altijd) nodig. FDG-PET CT en 

echogeleide  cytologische aspiratie (USgFNAC) worden vaak gebruikt voor lymfklier 

stadiëring in de hals  bij patiënten met HNSSC. Het differentiëren tussen kleine 

maligne  PET-positieve klieren met lage FDG-PET-opname enerzijds en kleine 

reactieve PET-positieve klieren anderzijds kan moeilijk zijn. Real-time beeldfusie 

helpt bij het identificeren van deze klieren voor Fused-USgFNAC. Het doel van 

hoofdstuk 3 was om optimale SUVmax-waarden te bepalen om klieren voor 

USgFNAC te selecteren en  de sensitiviteit voor USgFNAC te verbeteren. In onze 

studie was slechts 7% van de geaspireerde klieren PET-negatief en geen van de PET-

negatieve klieren was cytologisch maligne. We konden aantonen dat onder een 

SUVmax-waarde van 2,87 geen van de geaspireerde PET-positieve klieren maligne 

was en boven een SUVmax-waarde van 10,6 geen van de klieren benigne was. 

In HPV-gerelateerde klieren waren de gemiddelde SUVmax-waarden iets lager, 

maar dit was statistisch niet relevant. 

Over het algemeen wordt een klier met een SUVmax-waarde boven 4,5 als en 

mogelijke kliermetastase  beschouwd. In ons studie waren onder een SUVmax 

waarde van 2,87 waren alle klieren benigne en boven een SUV max waarde van 

10,6 alle klieren maligne. Een SUVmax-waarde tussen 2,87 en 4,5 vormt in deze 

gevallen het belangrijkste diagnostische  probleem en ook tot een SUVmax-waarde 

van 10,6 kan  een Fused-USgFNAC een nuttig hulpmiddel zijn om problemen op te 

lossen. Klieren met een  SUVmax-waarde lager dan 2,87  zouden als benigne en 

boven 10,6 als maligne beschouwd kunnen worden en derhalve zou er geen punctie 

gedaan hoeven  worden. 

 

Hoofdstuk 4: Diffusie-gewogen magnetische resonantie beeldvorming (DW-MRI), 

18F-fluordeoxyglucose positron emissie tomografie (FDG-PET) en echogeleide 

(fijne naald) aspiratie cytologie (USgFNAC) zijn belangrijke vaak gebruikte 

beeldvormingen voor het stadiëring van lymfeklier metastasen (N-stadiëring) in  
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plaveiselcelcarcinoom in het hoofd en halsgebied (HNSCC). De specificiteit van 

USgFNAC is altijd in de orde van 100%, aangezien vals-positieve cytologie zeldzaam 

is. Het verschil in sensitiviteit hangt voornamelijk van de selectie van de te aspireren 

klieren en de aspiratie-techniek af. .  PET-CT heeft een goede diagnostische 

mogelijkheden  voor N-statging bij HNSCC, maar het onderscheid tussen  kleine 

PET-positieve maligne enerzijds en kleine PET-positieve reactieve klieren anderzijds 

is nog steeds een probleem. Daarom is selectie van de aan te prikken klieren  nog 

steeds een probleem . DW-MRI kan bij selectie  van aan te prikken klieren helpen. 

Er is een omgekeerde relatie tussen de apparente diffusie coëfficiënt (ADC) 

(=kwantitatieve analyses van DWI) en FDG-opname aangetoond. Het doel van deze 

studie was om te onderzoeken of het bepalen van ADC-waardes  kan helpen om 

PET-positieve maligne van PET-positieve reactieve klieren te onderscheiden en 

daarmee  de selectie van aan-te-prikken klieren voor  te verbeteren. We vonden 

een negatieve correlatie tussen SUVmax en ADC-waarden. ADC was significant 

hoger in PET-negatieve klieren dan in PET-positieve klieren. Over het algemeen 

verschilden de ADC-waarden van PET-positieve maligne klieren niet significant van 

PET-positieve goedaardige (reactieve) klieren, maar in de subgroep van niet-HPV-

gerelateerde klieren hadden PET-positieve maligne klieren significant lagere ADC-

waarden dan PET-positieve goedaardige klieren. Deze significante bevindingen 

geven aan dat de meting van ADC nuttig kan zijn om onderscheid te maken tussen 

kleine kwaadaardige niet-HPV-gerelateerde PET-positieve en kleine reactieve PET-

positieve klieren, en dit impliceert dat als bij deze subgroep een klier PET-positief 

is, DW-MRI de klierselectie voor punctie zal verbeteren. 

 

 

Hoofdstuk 5: Echogeleide fijne naald aspiratie cytologie (USgFNAC) heeft een hoge 

specificiteit in de orde van 100% aangezien vals-positieve cytologie zeldzaam is. Het 

wordt vaak gebruikt voor N-stadiëring in hoofd-hals plaveiselcelcarcinoom 

(HNSCC). In hoofdstuk 5 onderzochten we verschillende echografisch detectie 

criteria van klieren, zoals grootte, aanwezige of afwezige hilus, resistieve index (RI) 

en perifere vascularisatie verkregen door micro-flow imaging (MFI) als een 

voorspeller van maligniteit in lymfeklieren van HNSCC. MFI is een nieuwe techniek 

om niet alleen macroflow patronen maar ook microflow patronen te visualiseren. 

Het doel van het onderzoek was om de selectiecriteria voor de aspiratie van klieren 

te verbeteren. We toonden aan  dat de positieve voorspellende waarde (PPV) voor 
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maligniteit bij  aanwezigheid van perifere vascularisatie 83% is, bij een afwezig 

hilus-teken 82% is en de combinatie van beide kenmerken 94% is. We 

concludeerden dat naast de grootte van klieren het afwezige hilus-teken en 

aanwezige perifere vascularisatie, aanvullende criteria  zijn voor selectie van aan-

te-prikken hals klieren bij patiënten met een HNSCC. 

Hoofdstuk 6: Voor behandel planning in HNSCC is een exacte nodale stadiëring 

essentieel en vooral in cN0-halzen, zeer uitdagend. De behandeling moet zo 

effectief mogelijk zijn, maar de schade door de behandeling moet tot een minimum 

worden beperkt. FNAC wordt over het algemeen voor stadiëring gebruikt maar de 

selectie of klieren voor punctie is een probleem. In ons onderzoek wilden we 

onderzoeken of beschikbare nieuwe beeldvormingen als realtime-imagefusie van 

PET-CT en echografie en nieuwe echografie technieken,  zoals  MFI kunnen helpen 

om de selectie criteria voor te puncteren klieren om te puncteren kunnen 

verbeteren en helpen om de  sensitiviteit voor stadiëring te verbeteren.   

Met behulp van MFI konden we aantonen dat perifere vascularisatie in combinatie 

met de afwezige hilus een hoge PPV voor maligniteit in USgFNAC-klieren heeft. In 

cN0-halzen heeft de aanwezigheid van perifere vascularisatie een opmerkelijk 

hogere PPV (94%) dan de afwezige vette hilus (82%) en minimale axiale diameters 

bij een drempel van 5,5 mm en 4 mm (respectievelijk 22% en 19%). 

We konden aantonen dat real-time beeldfusie van PET-CT en echografie in HNC 

haalbaar is en dat real time image fused-geleide FNAC de detecties van 

kwaadaardige PET-positieve klieren verbetert, wat de sensitiviteit zou moeten 

verbeteren. Wij konden SUVmax afkapwaarden voor het puncteren van klieren 

definiëren en alle klieren met een SUVmax-waarde lager dan 2,87  waren benigne 

en alle klieren met en SUVmax warde hoger dan 10,6 waren maligne. Klieren tussen 

een SUVmax van 2,87 en 10,6 moeten worden gepuncteerd. 

We vonden een milde omgekeerde relatie tussen ADC-waarden en SUVmax-

waarden en significant lagere ADC-waarden in PET-negatieve dan in PET-positieve 

klieren, maar in het algemeen waren we niet in staat om tussen maligne en 

reactieve PET-positieve klieren te onderscheiden. Opmerkelijk is dat we in de 

subgroep van niet HPV-gerelateerde PET-positieve maligne klieren significant 

lagere ADC-waarden vonden dan benigne PET-positieve klieren. 
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We concluderen dat perifere vascularisatie in cN0 een hoge PPV heeft voor 

maligniteit en een hulp rijke selectie criteria is. Het kan gemakkelijk routinematig 

worden toegevoegd. 

Real-time image fusie in HNC is mogelijk en fused-geleide FNAC kan als een 

probleemoplossend hulpmiddel om kleine PET-positieve klieren voor punctie te 

selecteren gebruikt. Het gebruik van SUVmax-cut-off-waarden kan helpen om 

onnodige klier puncties te beperken. Wij vonden in de groep van niet HPV-

gerelateerde klieren significant lagere ADC-waarden van maligne PET-positieve dan 

in benigne PET-positieve klieren, dit geeft aan dat ADC als selectie criteria  voor 

punctie van PET-positieve klieren kan worden toegevoegd. Aangezien de subgroep 

of niet HPV gerelateerde klieren klein was, dient onderzoek in een grotere groep te 

worden uitgevoerd. 
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Impact paragraph 

 

Research (aim and conclusion) 

 

Squamous cell carcinoma (SCC) of the head and neck (HN) are derived from mucosal 

epithelium in the oral cavity, pharynx and larynx. Tobacco consumption, alcohol 

abuse or both will increase the risk for oral cavity and larynx cancer. HNSSC of the 

pharynx can be associated with human papillomavirus infection (HPV) and HNSCC 

can be separated into HPV-related and non HPV-related tumors. 

Before treatment, the origin of the tumor and histopathology of the tumor as well 

as tumor size  and tumor spreading have to be defined. Tumor stage (TNM) is 

reported as tumor size(T), nodal metastases (N) and distant metastases (M). 

 The presence of cervical lymph node metastases next to tumor volume, is one of 

the most important predictors for survival. 

For nodal staging computer tomography (CT), 18Fluordeoxyglucose positron 

emission tomography (PET), Magnetic resonance imaging (MRI) ultrasound (US) 

and ultrasound guided fine needle aspiration cytology (FNAC) are commonly used. 

PET-CT has a very good performance to detect lymph node metastases but in small 

nodes it is still difficult to distinguish between reactive (benign) nodes and small 

metastases, therefore node selection for FNAC is still very challenging and nodes 

with small metastases can be missed and remain as occult metastases. 

Real time image fusion with CT, PET-CT or MRI on one hand and ultrasound on the 

other hand,  is a relatively new imaging technique.  Although image fusion to guide 

biopsies and therapeutic interventional procedures is widely used,  real time image 

fusion of PET-CT and ultrasound in head and neck imaging is rarely used and no 

literature on this topic has been published before. 

With Power Doppler ultrasound vascularization of tissue can be shown. In 

malignant tissue de vascularization pattern will change. Micro flow imaging with 

ultrasound is a new method to depict micro flow in small vessels. 

 In our thesis we wanted to investigate if these new imaging methods will help to 

improve the detection rate of lymph node metastases and improve sensitivity. 
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In chapter 2 we were able to show that real time image fusion of PET-CT with 

ultrasound is feasible. This implicates that fused-USgFNAC of PET-positive nodes 

can be performed with more confidence and the detection rate of lymph node 

metastases will be improved.  

 In chapter 3 we defined  SUVmax cut-off values for nodes which have to be 

punctured to minimize unnecessary punctures in PET-positive reactive nodes. We 

found that all nodes with a  SUVmax below 2.87 were benign and all nodes with 

SUVmax above 10.6 were malignant at USgFNAC. Consequently punctures could be 

avoided in those nodes but still we have to deal with the group of nodes between 

2.87 and 10.6, in this group malignant as well as reactive (benign) nodes were 

present. 

In chapter 4 we investigated if DW-MRI would help to distinguish between 

malignant PET-positive lymph nodes and reactive PET-positive lymph nodes. DW is 

a method to measure the diffusion of water molecules in tissue. Tumor tissue has 

generally a higher cellularity than normal tissue and diffusion is therefore 

restricted. The apparent diffusion coefficient (ADC) reflects the quantitatively 

analyses of this restricted perfusion, and tissue with a higher cellular density has a 

lower ADC. We found significantly lower ADC values in PET-positive lymph nodes 

than in PET-negative nodes but only in the subgroup of non HPV-related nodes we 

were  able to distinguish between malignant PET-positive and reactive/benign PET-

positive nodes. This might be helpful for node selection of PET-positive nodes to be 

punctured.  

In chapter 5 we investigated the positive predictive value (PPV) of peripheral 

vascularization of lymph nodes using MFI and compared it with the PPV of nodal 

size and the absence of a fatty hilum of a lymph node. We were able to show that 

peripheral vascularization and hilum sign have a high predictive value to predict 

metastases and in cN0 PPV of peripheral vascularization is remarkable higher than 

in other ultrasound features . Because it is not time consuming and can easily be 

added to routine ultrasound work-up, it can be used routinely. 
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Relevance 

The treatment of HNSSC is complex, it includes tumor surgery and surgery of the 

neck nodes (neck dissection (ND)), radiotherapy, chemo radiotherapy and 

immunotherapy. 

Treatment planning is a balancing act between sufficiently radical treatment and 

preservation of functional structures. To preserve quality of life and to reduce 

treatment morbidity, treatment should be individualized. Next to tumor evaluation 

exact N-staging is essential to individualize treatment, which is improved with new 

imaging techniques.  

If the probability of occult metastases is low enough, often  20% is mentioned,  a 

watchful-waiting policy instead of elective neck treatment can be considered. With 

image fusion of PET-CT and ultrasound the detection rate of malignant nodes can 

be improved. Unnecessary Neck Dissection can be reduced which will lead to a 

higher life quality. 

For sufficient radiotherapy planning and to reduce side effects of RT, nodal 

involvement per neck level has to be determined. Exact staging will help to limit RT 

fields to the neck levels of nodal involvement. 

A higher detection rate of occult micro-metastases can lead to a lower recurrence 

of metastases with all the consequences for the patient and the public health costs. 

 

Target population 

The results of this thesis are relevant to several groups.  

First the radiologist will be able to stage HNSSC tumors more exactly and with more 

confidence. Second, the treating health care professionals can plan treatment with 

more confidence. And thirdly the patient will be provided a more personalized 

treatment with less side effects and a higher quality of life. A higher detection rate 

of occult metastases will lead to a lower rate of tumor recurrence and will improve 

survival.  

Scientific results are shared with the scientific community and provide new 

knowledge and inspiration for further investigations. Users of real time image 

fusion techniques and other new image techniques can share their experience and 

problems can be solved together with the industry. 
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Activities 

The results of this thesis have been presented on the European congress of 

radiology (ECR) and published in peer-reviewed international journals. Results of 

this thesis can be implemented into the clinical practice and follow up projects can 

be performed in our Institute. 

This thesis shows that the investigated new imaging techniques will help to improve 

nodal staging in HNSSC. But still there are many questions to be answered. Image 

fusion techniques for HNSSC nodal staging should be used more widely and to 

improve nodal staging of HNSSC research results should be shared nationally and 

internationally.  
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Dankwoord 

 

De weg waar je in je leven naar toe zal gaan wordt al vroeg bepaald en je eigen 

beslissingen leiden van kinds af aan naar de weg die je zult gaan. Op dit pad hebben 

velen mij begeleid en geholpen waarvoor ik erg dankbaar ben. Het zou dus mede 

gezien mijn leeftijd niet mogelijk zijn iedereen in dit dankwoord te benoemen en 

misschien is mij van velen de belangrijke rol in mijn ontwikkeling tot wat ik 

geworden ben, niet eens bewust. 

Toch wil ik proberen mijn diepe dank uit te spreken voor de sterkst  betrokkenen. 

Dank aan het AVL omdat ik een onderdeel van het team mag uitmaken. Lieve 

collega’s ik dank jullie voor jullie steun en het mij vrij maken  voor wetenschap. Ook 

voor het opvangen van het verdriet als het een keer niet zo lukte zoals ik het wilde. 

In het bijzonder dank aan alle patiënten voor hun medewerking . 

Mijn promotor, Prof. Dr. Beets-Tan, beste Regina. Zonder jou zou ik de wetenschap 

niet opnieuw opgepakt hebben. Met jouw komst naar het AVL heb je wetenschap 

onderzoek op onze afdeling nieuw leven ingeblazen. Met jouw visie raakte je me 

bij mij de juiste snaar. Vanaf  wilde ik toch nog voor de PhD gaan. Ik dank je van 

harte dat je mij hiervoor de mogelijkheid bood en voor al je steun hierin. 

Mijn Promotor, Prof. Dr. W. Michiel van den Brekel, beste Michiel. Toen ik je vroeg 

of je er zin in had om  mij te begeleiden bij een project aangaande  real-time-image-

fusie van  hals klieren , had ik nog geen idee hoeveel je voor mij in dit proces zou 

betekenen. Je heb mij altijd met de noodzakelijke blik op  de kliniek door dit project 

geleid en op te vingers getikt als ik te overmoedig was  geworden. Ik dank je 

bijzonder  voor de enorme steun; zonder jou zou het niet gelukt zijn. 

Mijn Promotor Prof. Dr. Jonas Castelijns, beste Jonas Jij kwam er later bij, het liep 

nogal stroef, maar jij geloofde meteen in mijn ideeën; dank zij jou ging het dan ook 

snel vooruit. Je was op elk moment bereid naar mij te luisteren en te helpen. Wat 

mij dan ook enorm geholpen had was je positieve motivatie; je geloofde in mij. Ook 

al verschillen wij niet veel in leeftijd, toch ben je een soort wetenschappelijke vader 

voor mij geworden.  Enorme dank voor je steun en je zo vriendelijke manier van 

hulp en begeleiding om deze promotie waar te maken. 
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Mijn coauteurs, Monique Maas, Sander Roberti, Laura Smit, Wouter Vogel en 

Ioannis Zavrakidis. Veel dank jullie voor al jullie tijd, met name Monique en Wouter. 

Jullie hebben mij enorm begonnen mijn schrijven weer op te starten en dat was nog 

veel werk voor jullie, erg  bedankt. Laura en Ioannis, dank voor jullie kennis en input. 

Beste Sander je bent er later bij gekomen, de man van de statistiek, dank voor al 

ons gesprekken en het prachtige verwerken van de data en je fantastisch bijdrage  

als coauteur, ik bewonder je accuratesse. 

 Dr. Pedro Sanches en Franz Gleuwink, beste Pedro en Franz. Samen hebben wij de 

real-time-fusie van PET-positieve hals klieren met echografie werkbaar gemaakt. Ik 

dank jullie voor jullie kennis en alle geïnvesteerde  tijd, het was erg leerzaam en 

enorm plezierig met jullie. 

Prof. Dr. P. Gabriel Krestin, onwijs dank dat u mij de mogelijkheid voor een 

fellowship Neuro- en  Hoofd Hals-radiologie aan het Erasmus MC bood.  

Prof. Dr. Aad van de Lugt en Dr. Herve Tanghe, Best Aad en Herve jullie waren mijn 

leermeesters. Aad, je was mijn groot voorbeeld voor de hoofdhals radiologie en 

i.h.b. hals klieren, Dat was erg belangrijk voor je. Bedankt, je was echt een mentor. 

Prof. Dr. Marion Smits en Prof. Dr. Meike Vernooij Beste Marion en Meike, het was 

enorm plezierig met jullie te werken, dank voor deze jaren. 

Prof. Dr. Werner Jaschke, beste Werner, jij was het  nieuwe hoofd  van de radiologie 

aan de Universiteit Innsbruck.  Jij vond meteen dat ik radioloog mocht worden. Dat 

was doen nog bijzonder, want als vrouw met twee kinderen kwam ik moeilijk aan 

de slag. Bedankt voor de prachtige opleiding en bedankt voor alle jaren die ik met 

jouw als baas mocht werken en bedankt dat wij nog steeds af en toe gezellige 

avonden hebben  met lekker eten en gesprekken over verleden en heden in de 

radiologie.  

Dank aan al mijn collega’s in  Innsbruck en wat fijn dat wij  nog steeds met veel 

plezier op congressen ontmoeten. 

Emiel de Koekkoek, vader van mijn kinderen,  je stond enorm veel jaren aan mijn 

zijde en heb mij gesteund met werk en kinderen, nog eens hartelijke dank hiervoor 

en je liefde. Wij wandelen nu verschillende paden maar je zal mij altijd blijf je 

dierbaar blijven. 

Mijn lieve dochter Lara,  mijn geweten van kleins af aan; wat ben je toch een 

prachtige meid, met een enorm groot hart, je heb de weg als psycholoog gekozen 
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en ik heb enorm veel steun aan je slimme opmerkingen. Wat ben ik blij dat jij nu je 

lieve Jonathan aan je zijde heb, Dank Jonathan, dat je in onze familie bent en 

bedank voor taal correcties. 

Mijn lieve zon Felix, degene die mij lachen maakt, je word radioloog en bent dus in 

mijn voetstappen getreden, dat is erg leuk. Bijzondere dank je dat je zo vroeg papa 

bent geworden. Lisa, mijn schoondochter, dank dat je voor mijn zoon gekozen hebt 

en ik nu van mijn prachtige kleinkinderen, Ben en Emilian, mijn zonnetjes, samen 

met jullie genieten mag. 

Lara en Felix, bijzondere dank dat jullie het nooit erg vonden, dat mama zo veel 

werkte maar dat jullie er juist trots op waren. Bedankt jullie voor alles; zonder jullie 

zou ik niet willen zijn. 

Mijn geliefde Ouders, Annelies en Anton Doll,  jullie zijn er niet meer. Ik weet dat 

jullie enorm trots zouden zijn.  Studeren in mijn tijd was niet zo maar gedaan. Uit 

een klein dorp, al met 13 jaar ver weg om het waar te kunnen maken. Jullie hebben 

mij laten vertrekken ook was dat  voor jullie erg moeilijk. Jullie gaven mij mentale 

en enorme financiële steun en dat was voor jullie geen pretje. Ik geef jullie blijk , 

waar jullie ook mogen zijn, van mijn diepste dank toe en stuur jullie mijn liefde; 

zonder jullie zou ik nergens zijn. 

Lieve Jacques, mijn trouwe lieve partner, dank je voor al je geduld met mij en dit 

proefschrift. Dank voor al die weekenden achter de PC waar je mijn hulp bood om 

mijn chaotisch lay-out in goede banen te leiden. Dank voor al je steun in al die jaren, 

voor het luisteren over mijn zorgen en de lach die je altijd weer op mijn lippen 

tovert.  Diepe dank dat je er voor mijn kinderen bent en een oh zo lieve opa voor 

mijn kleinkinderen. Ik hoop ten diepste dat we oud met elkaar mogen worden 
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