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Abstract
Anti-N-methyl-D-aspartate receptor-associated encephalitis (NMDARE) is a rare 
immune-mediated neuroinflammatory condition characterized by the rapid onset 
of neuropsychiatric symptoms and autonomic dysfunction. The mechanism of 
pathogenesis remains incompletely understood, but is thought to be related to 
antibodies targeting the GluN1 subunit of the NMDA receptor with resultant 
downstream dysregulation of dopaminergic pathways. Young adults are most 
frequently affected; the median age at diagnosis is 21 years. There is a strong 
female predilection with a female sex predominance of 4:1. NMDARE often 
develops as a paraneoplastic process and is most commonly associated with 
ovarian teratoma. However, NMDARE has also been described in patients with 
small cell lung cancer, clear cell renal carcinoma, and other benign and malignant 
neoplasms. Diagnosis is based on correlation of the clinical presentation, electro-
encephalography, laboratory studies, and imaging. Computed tomography, 
positron emission tomography, and magnetic resonance imaging are essential to 
identify an underlying tumor, exclude clinicopathologic mimics, and predict the 
likelihood of long-term functional impairment. Nuclear imaging may be of value 
for prognostication and to assess the response to therapy. Treatment may involve 
high-dose corticosteroids, intravenous immunoglobulin, and plasma exchange. 
Herein, we review the hallmark clinicopathologic features and imaging findings 
of this rare but potentially devastating condition and summarize diagnostic 
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criteria, treatment regimens, and proposed pathogenetic mechanisms.
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Core Tip: Anti-N-methyl-D-aspartate receptor-associated encephalitis (NMDARE) is a rare immune-mediated neuroinflam-
matory condition characterized by the rapid onset of neuropsychiatric symptoms and autonomic dysfunction. The key 
clinicopathologic and imaging features of NMDARE are detailed in this minireview, including validated diagnostic criteria, 
magnetic resonance imaging findings, differential considerations, pathogenetic mechanisms, and treatment regimens. In 
addition, the role of nuclear imaging – including positron emission tomography and single-photon emission computed 
tomography – is described with the salient findings detailed in a comprehensive table.

Citation: Beutler BD, Moody AE, Thomas JM, Sugar BP, Ulanja MB, Antwi-Amoabeng D, Tsikitas LA. Anti-N-methyl-D-aspartate 
receptor-associated encephalitis: A review of clinicopathologic hallmarks and multimodal imaging manifestations. World J Radiol 
2024; 16(1): 1-8
URL: https://www.wjgnet.com/1949-8470/full/v16/i1/1.htm
DOI: https://dx.doi.org/10.4329/wjr.v16.i1.1

INTRODUCTION
Anti-N-methyl-D-aspartate receptor-associated encephalitis (NMDARE) is a rare immune-mediated neuroinflammatory 
condition characterized by the rapid onset of neuropsychiatric symptoms and autonomic dysfunction. NMDARE may be 
idiopathic, but often occurs as a paraneoplastic process in the setting of small cell lung carcinoma, ovarian teratoma, and 
other benign and malignant neoplasms[1,2]. A significant majority of patients diagnosed with NMDARE are young 
adults ranging in age from 18 years to 42 years[3]. The mechanism of pathogenesis remains incompletely understood[4].

The clinical presentation of NMDARE is variable and may include vague prodromal symptoms, such as headache and 
nausea, followed by the rapid development of cognitive dysfunction, behavioral changes, and central hypoventilation[5]. 
Careful correlation of clinical history, electroencephalography (EEG), and imaging is required to establish a presumptive 
diagnosis; serology or cerebrospinal fluid analysis is the gold standard for definitive diagnosis, with the presence of anti-
GluN IgG antibodies constituting a positive result. Management may involve high-dose corticosteroids, intravenous 
immunoglobulin, and immunotherapy[6].

Herein, we review the clinicopathologic and imaging hallmarks of NMDARE and discuss management strategies for 
this rare but potentially devastating syndrome.

HISTORY OF NMDARE
The first cases of NMDARE were reported by Dalmau et al[7] in 2007, who described a small group of patients who 
presented with neuropsychiatric symptoms and were subsequently found to have antibodies to the NMDA receptor in 
blood or cerebrospinal fluid. One year later, Dalmau et al[7] launched a case-control study in which they detailed the 
clinical characteristics – including symptoms, management, and outcomes – of 100 patients with antibody-positive 
NMDARE[8]. The syndrome was subsequently thrust into the mainstream consciousness when a prominent New York 
Post journalist, Susannah Cahalan, was diagnosed with NMDARE; her experience as a patient is detailed in the 
bestselling memoir Brain on Fire[9]. The following years were defined by an explosion of NMDARE research, culminating 
in the establishment of validated diagnostic criteria and consensus practice guidelines.

DIAGNOSTIC CRITERIA
The hallmark clinical features, therapeutic regimens, and outcomes of paraneoplastic and non-paraneoplastic NMDARE 
were described in a multi-institutional observational study conducted by Titulaer et al[3] in 2013. Graus, Titulaer, and 
colleagues subsequently proposed three diagnostic criteria that could be used to establish a diagnosis of probable 
NMDARE: (1) Rapid onset of at least four of six classic symptoms; (2) an abnormal EEG or cerebrospinal fluid analysis 
showing pleocytosis or oligoclonal bands; and (3) reasonable exclusion of other disorders[5]. Graus and Titulaer proposed 
that a definitive diagnosis could be established with positive IgG anti-GluN1 antibodies in the presence of the aforemen-
tioned clinical criteria.

https://www.wjgnet.com/1949-8470/full/v16/i1/1.htm
https://dx.doi.org/10.4329/wjr.v16.i1.1
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The diagnostic criteria introduced by Graus and Titulaer has served as a foundational guide for the assessment of 
suspected NMDARE. However, two key clinical features are not included in the criteria: (1) A history of benign or 
malignant neoplasm and (2) imaging features. NMDARE develops as a paraneoplastic process in up to 60% of cases[8]. 
Mature or immature ovarian teratomas are by far the most common underlying tumors and a known ovarian teratoma is 
included as a modifier within the Graus diagnostic criteria. However, NMDARE has also been described in the setting of 
small cell lung cancer, clear cell renal carcinoma, chronic myelogenous leukemia, pancreatic neuroendocrine tumor, and 
many other benign and malignant neoplasms[2,10]. The presence of a neoplasm or history of cancer therefore represents 
an important clinical finding that favors NMDARE over other encephalitides or neuropsychiatric disorders.

IMAGING FEATURES OF NMDARE
Imaging, including computed tomography (CT), positron emission tomography (PET), and magnetic resonance imaging 
(MRI), plays a central role in the evaluation of NMDARE. The utility of imaging is two-fold: (1) To identify an underlying 
primary neoplasm and (2) to exclude clinicopathologic mimics of NMDARE. Common causes of neuropsychiatric symp-
toms in young adults include herpes encephalitis, drug intoxication, and central nervous system vasculitides, all of which 
demonstrate imaging features that are distinct from those of NMDARE[11]. For example, herpes encephalitis is classically 
characterized by asymmetric T2/FLAIR hyperintensity within the medial temporal lobes whereas opioid intoxication 
may show symmetric T2/FLAIR hyperintensity within the posterior limb of the internal capsule. The imaging differential 
diagnosis for NMDARE is further detailed in Table 1.

The magnetic resonance imaging manifestations of NMDARE within the central nervous system are variable. Zhang et 
al[12] introduced a classification schema that can be used to evaluate T2/FLAIR hyperintense lesions in patients with 
NMDARE, which categorizes patients into four distinct categories based on distribution: Type 1 – normal brain MRI; type 
2 – lesions within the hippocampus; type 3 – lesions involving structures other than the hippocampus; and type 4 – 
lesions within the hippocampus and other structures within the supratentorial or infratentorial brain parenchyma. A 
normal brain MRI, or a type 1 pattern, is present in approximately half of patients with a serologically confirmed 
diagnosis and typically portends a favorable outcome. The type 4 pattern is the second most common and has been 
associated with poor functional outcomes. The type 2 pattern is seen with intermediate frequency and is associated with 
relatively poor outcomes. Type 3 patterns are seen with intermediate frequency and are most often associated with 
positive outcomes, although some degree of long-term functional impairment may occur in some individuals.

Supratentorial and infratentorial T2/FLAIR hyperintense brain lesions with a slight hippocampal predilection 
represent the imaging hallmark of NMDARE. However, other central nervous system manifestations have been 
described, including myelitis, optic neuritis, and isolated meningitis[13,14]. The prodromal and neuropsychiatric 
symptoms are similar even in the setting of atypical lesions and the presence of spinal cord or cranial nerve lesions does 
not exclude an NMDARE diagnosis. Lesions in unusual locations can affect symptomatology, and patients may present 
with visual disturbances, hemiparesis, and other neurologic deficits superimposed upon the classic psychotic symptoms 
that typify NMDARE. Correlation of clinical history, laboratory studies, and comprehensive neuraxis imaging is therefore 
essential to establish a diagnosis.

Magnetic resonance spectroscopy (MRS) may also be of value for the assessment of suspected NMDARE. In a case 
report by Kataoka et al[15], authors described a reduced N-acetylasparate (NAA) peak with a decreased NAA/creatine 
ratio and a slightly increased choline peak within the basal ganglia, suggestive of diminished neuronal activity in the 
setting of neuroinflammation; the abnormal MRS findings improved following treatment of the underlying NMDARE. 
Splendiani et al[16] described similar findings in a subsequent report. The underlying cause of metabolic dysfunction and 
the prognostic value of abnormal MRS findings remain to be established.

NUCLEAR MEDICINE AND MOLECULAR IMAGING IN NMDARE
Nuclear imaging can play an important role in the evaluation and management of NMDARE[17]. Brain 18F-fluorodeoxy-
glucose (FDG) PET has emerged as a valuable modality to distinguish NMDARE from other autoimmune encephalo-
pathies. In a systematic review by Morbelli et al[18], authors described several distinct patterns of cerebral hyper- and 
hypometabolism correlating with different autoantibodies. NDMARE was characterized by normal or increased 
metabolic activity within the frontal lobes with marked parieto-occipital hypometabolism. Limbic encephalitis with anti-
LGI-1 antibodies, in contrast, was associated with temporal hypermetabolism and fronto-occipital hypometabolism. A 
subsequent study by Jha et al[19] revealed other cerebral metabolic patterns unique to specific autoimmune encephalo-
pathies, including frontal lobe and basal ganglia hypermetabolism in anti-CASPR2 encephalitis and basal ganglia 
hypermetabolism with concurrent temporal lobe hypometabolism in anti-GAD encephalitis (Table 2)[19,20]. The degree 
of cerebral hypo- or hypermetabolism may correlate with disease severity and outcomes, although further research is 
necessary to clarify the prognostic value of brain FDG PET in autoimmune encephalopathies[21,22].

Other nuclear imaging studies that may be of value for the assessment of suspected NMDARE include whole-body 
FDG PET/CT scan, which is highly sensitive for the detection of occult malignancies, including ovarian teratoma and 
other neoplasms that have been associated with NMDARE[17]. Single photon emission computed tomography (SPECT) 
with technetium-99 hexamethyl propylenamine oxamine (HMPAO) and N-isopropyl-p-123-I-iodoampheatmine (I-123-
IMP) have also been used to help diagnose NMDARE and may help identify cerebral metabolic abnormalities in the 
setting of a normal brain MRI and FDG PET[23,24]. The multimodal imaging features of NMDARE are further detailed in 
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Table 1 Magnetic resonance imaging differential diagnosis for anti-N-methyl-D-aspartate receptor-associated encephalitis

Condition Classic imaging manifestations

T2/FLAIR hyperintense lesions that frequently involve the hippocampus or bilateral hippocampi

Lesions within the infratentorial brain parenchyma and spinal cord are uncommon

NMDARE

Leptomeningeal enhancement is occasionally present

Areas of high T2/FLAIR signal, predominantly within the subcortical white matter

An “open ring” pattern of enhancement, similar to multiple sclerosis

Acute disseminated encephalomy-
elitis

Lesions with peripheral diffusion restriction

Foci of T2/FLAIR hyperintensity within the periventricular white matter or along watershed zones

Parenchymal microhemorrhages may be present on GRE/SWI sequences

Central nervous system 
vasculitis/PACNS

Evidence of acute, subacute, or chronic stroke within a discrete vascular territory is present in some individuals

Symmetric T2/FLAIR hyperintensity involving the pulvinar and dorsomedial thalamic nucleiCreutzfeldt-Jakob disease

Diffusion restriction with concomitant T2 shine through is often present

Symmetric T2/FLAIR hyperintensity within the posterior limb of the internal capsules, which may extend 
inferiorly to the pontine corticospinal tracts

Heroin inhalational leukoenceph-
alopathy

Symmetric T2/FLAIR hyperintensity within the cerebellar white matter with sparing of the dentate nuclei

Asymmetric T1 hypointense/T2 hyperintense edema involving the bilateral medial temporal lobes and insular 
cortex

Gyral or leptomeningeal enhancement may be present

Diffusion restriction is sometimes present

Herpes simplex encephalitis

Blooming on GRE/SWI sequences may be present in the setting of hemorrhage

Symmetric or asymmetric T1 hyperintensity within the putamina, indicative of necrosisMethanol poisoning

Asymmetric blooming within the putamina on GRE/SWI sequences in the setting of hemorrhage

Periventricular, cortical, or juxtacortical T2/FLAIR hyperintense lesions disseminated in space and time

Infratentorial and spinal cord T2/FLAIR hyperintense lesions may develop in some individuals

Multiple sclerosis

An “open ring” pattern of enhancement is present in active disease

Optic nerve edema with T2/FLAIR hyperintense signal and, in some patients, optic nerve enhancement

High T2/FLAIR signal within the spinal cord spanning at least three contiguous vertebral segments

Neuromyelitis optica

Brain parenchymal lesions are often absent

GRE: Gradient echo; NMDARE: Anti-N-methyl-D-aspartate receptor-associated encephalitis; PACNS: Primary angiitis of the central nervous system; SWI: 
Susceptibility weighted imaging.

Table 3.

MECHANISM OF PATHOGENESIS
The mechanism of pathogenesis for NMDARE remains to be established. Antibodies targeting the GluN1 subunit of the 
NMDA receptor are present in both paraneoplastic and non-paraneoplastic NMDARE; a juxtaposed T-cell mediated 
response is thought to occur only in paraneoplastic NMDARE[25]. The neuropsychiatric symptoms of NMDARE may be 
related to antibody-mediated blockade of NMDA receptors in the presynaptic gamma-aminobutyric acid ergic neurons of 
the thalamus and frontal cortex with resultant downstream dysregulation of dopaminergic pathways[26]. Indeed, the 
clinical hallmarks of NMDARE, including confusion, paranoia, and delusions, mirror those of psychosis; thus, hype-
ractive dopaminergic signal transduction may represent a shared mechanism underlying both conditions. Seizures are 
also common in NMDARE and may be related to excessive extrasynaptic NMDA receptor signaling. In a recent EEG 
study by Symmonds et al[27], authors observed aberrant NMDA signaling predominantly affecting NMDA receptors of 
excitatory neurons. However, despite the increasingly robust clinical data, the complex interplay between anti-NMDA 
antibodies, NMDA receptors, and dopaminergic pathways remains incompletely understood. Further research is 
necessary to establish a unifying model to account for the unique constellation of neuropsychiatric and autonomic 
symptoms that characterize NMDARE.
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Table 2 Cerebral metabolic patterns of autoimmune encephalopathies[18-20]

Autoantibody Metabolic pattern

Bifrontal hypermetabolism or normal frontal lobe metabolismAnti-NMDA receptor

Marked bilateral parieto-occipital hypometabolism

Bitemporal hypermetabolismAnti-LGI-1 

Bilateral fronto-occipital hypometabolism

Bifrontal hypermetabolism

Basal ganglia hypermetabolism

Anti-CASPR2 

Bilateral temporo-parietal hypometabolism

Bilateral basal ganglia hypometabolismAnti-GAD-65 

Bitemporal hypometabolism 

Anti-Hu Bitemporal hypermetabolism

CASPR2: Anti-contactin-associated protein 2; GAD-65: Anti-glutamic acid decarboxylase; LGI-1: Leucine-rich glioma inactivated; NMDA: Anti-N-methyl-
D-aspartate receptor.

Table 3 Multimodal imaging of anti-N-methyl-D-aspartate receptor-associated encephalitis[12-24]

Pelvic or scrotal ultrasound may be used to identify an underlying teratoma in the appropriate patient 
population

Ultrasound

Ultrasound-guided lymph node biopsy may be required in the setting of metastatic disease with no 
known primary

A normal brain MRI is present in half of patients with NMDARE

T2/FLAIR hyperintense lesions are most commonly present within the supratentorial brain 
parenchyma and may correlate with prognosis:

   Type 1: Normal brain MRI; favorable prognosis

   Type 2: Hippocampal lesions only; poor prognosis

   Type 3: Lesions involving structures other than the hippocampus; intermediate prognosis

   Type 4: Lesions involving both the hippocampus and other brain structures; poor prognosis

Infratentorial, spinal cord, and cranial nerve lesions are less common, but may occur in some 
individuals

MRI

Leptomeningeal enhancement is rare, but has been described

Reduced NAA peak

Decreased NAA/creatine ratio

MRS

Increased choline peak

Brain FDG PET classically shows bifrontal hypermetabolism with parieto-occipital hypometabolism

The frontal-to-parietooccipital metabolic gradient may correlate with prognosis, with an increased 
gradient portending a worse outcome

FDG PET

Whole-body FDG PET may be of value to identify a primary neoplasm and/or localize a lesion for 
image-guided biopsy

SPECT HMPAO and I-123-IMP SPECT may be useful for metabolic evaluation in patients with clinical 
features of NMDARE and a normal brain MRI and FDG PET

FDG PET: Fludeoxyglucose positron emission tomography; HMPAO: Technetium-99 hexamethyl propylenamine oxamine; I-123-IMP: N-isopropyl-p-123-I-
iodoamphetamine; MRI: Magnetic resonance imaging; MRS: Magnetic resonance spectroscopy; NAA: N-acetylaspartate; NMDARE: Anti-N-methyl-D-
aspartate receptor-associated encephalitis; SPECT: Single-photon emission computed tomography.
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MANAGEMENT OF NMDARE
There are no established clinical practice guidelines for the management of NMDARE. Supportive care is essential for 
most patients and may include benzodiazepines, anti-epileptic drugs, beta-blockers, anticholinergics, and close 
monitoring in the intensive care unit[28]. High-dose corticosteroids, intravenous immunoglobulin, and/or plasma 
exchange represent the mainstay of management for the underlying autoimmune dysfunction[29]. Immunotherapy, such 
as rituximab and cyclophosphamide, may serve as effective second-line agents. Agitation, hallucinations, and delusions 
may be challenging to manage in NMDARE patients and benzodiazepines often do not provide adequate sedation; 
ketamine or propofol may be required for some individuals. Catatonia may occur in some patients and may improve with 
high-dose benzodiazepines or electroconvulsive therapy[30]. Pregnant patients represent a special population 
occasionally affected by NMDARE. The limited existing data suggest that high-dose corticosteroids are safe and effective, 
but second-line agents – including rituximab and cyclophosphamide – should be avoided in pregnancy due to the risk of 
teratogenicity.

Clinical monitoring and follow-up of NMDARE is distinct from that of many other encephalitides. Acute disseminated 
encephalomyelitis, herpes encephalitis, and other similar neuroinflammatory conditions typically resolve or improve 
within days of treatment initiation. However, clinical resolution of NMDARE may require many weeks or months; 
functional improvements have been observed over 2 years after resolution of the acute phase of illness[3]. The current 
consensus guidelines suggest that treatment with a first- or second-line agent should be continued for at least 6 wk before 
clinical re-evaluation and escalation or discontinuation of therapy[31]. Dose escalation or transition from a first- to 
second-line agent may be considered before 6 wk in the setting of severe illness with autonomic dysfunction. Physical 
and occupational therapy – including mobility training, gait training, and speech-language therapy – play a key role in 
improving long-term functional outcomes and is recommended for nearly all patients with an NMDARE diagnosis[32].

CONCLUSION
NMDARE represents a rare immune-mediated clinical entity that presents with a unique constellation of neuropsy-
chiatric and autonomic symptoms. Early diagnosis and management is essential to prevent catastrophic outcomes or 
death. A presumptive diagnosis can be established through careful correlation of clinical history, EEG, and imaging 
studies. However, cerebrospinal fluid analysis is the gold standard diagnostic test, with the presence of IgG anti-GluN1 
antibodies allowing for definitive diagnosis.

High-dose corticosteroids, intravenous immunoglobulin, and plasma exchange are first-line therapies for NMDARE. 
Rituximab or cyclophosphamide may be required for some individuals. Nearly all patients with NMDARE will require 
supportive care, which may include sedatives, airway protection, and close monitoring in the intensive care unit. The 
prognosis for patients with NMDARE is variable; the existing data suggest that patients presenting without hippocampal 
lesions on MRI tend to experience relatively favorable outcomes. Nuclear imaging may also be of value for prognost-
ication, as emerging evidence indicates that cerebral metabolic gradients on FDG PET may help predict functional 
outcomes.

The underlying mechanism of pathogenesis for NMDARE remains to be established, although most authors agree that 
dopaminergic pathways are implicated in the neuropsychiatric symptoms. Neuroinflammation may also play an 
important role in the pathogenesis of NMDARE but cannot yet be diagnosed by imaging or by routine laboratory studies.

Imaging will undoubtedly play a central role in NMDARE diagnosis in the future. Widespread adoption of the MRI 
classification schema introduced by Zhang et al[12] may improve diagnostic accuracy and provide important prognostic 
information to help guide clinical management. In addition, brain FDG PET can currently be used to identify patterns of 
cerebral metabolism suggestive of underlying NMDARE. However, advancements in molecular imaging and the 
development of novel radiotracers may allow for detection of aberrant proteins that are expressed early in the disease 
process. It has been definitively established that early intervention portends better patient outcomes; multimodal imaging 
will be vital to ensure timely and accurate diagnosis and expedited management. Future research is needed to develop 
targeted therapies and improve clinical outcomes for patients who develop this rare but potentially devastating immune-
mediated condition.
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Abstract
BACKGROUND 
Neoadjuvant chemotherapy (NAC) has become the standard care for advanced 
adenocarcinoma of esophagogastric junction (AEG), although a part of the 
patients cannot benefit from NAC. There are no models based on baseline 
computed tomography (CT) to predict response of Siewert type II or III AEG to 
NAC with docetaxel, oxaliplatin and S-1 (DOS).

AIM 
To develop a CT-based nomogram to predict response of Siewert type II/III AEG 
to NAC with DOS.

METHODS 
One hundred and twenty-eight consecutive patients with confirmed Siewert type 
II/III AEG underwent CT before and after three cycles of NAC with DOS, and 
were randomly and consecutively assigned to the training cohort (TC) (n = 94) 
and the validation cohort (VC) (n = 34). Therapeutic effect was assessed by 
disease-control rate and progressive disease according to the Response Evaluation 
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Criteria in Solid Tumors (version 1.1) criteria. Possible prognostic factors associated with responses after DOS 
treatment including Siewert classification, gross tumor volume (GTV), and cT and cN stages were evaluated using 
pretherapeutic CT data in addition to sex and age. Univariate and multivariate analyses of CT and clinical features 
in the TC were performed to determine independent factors associated with response to DOS. A nomogram was 
established based on independent factors to predict the response. The predictive performance of the nomogram 
was evaluated by Concordance index (C-index), calibration and receiver operating characteristics curve in the TC 
and VC.

RESULTS 
Univariate analysis showed that Siewert type (52/55 vs 29/39, P = 0.005), pretherapeutic cT stage (57/62 vs 24/32, 
P = 0.028), GTV (47.3 ± 27.4 vs 73.2 ± 54.3, P = 0.040) were significantly associated with response to DOS in the TC. 
Multivariate analysis of the TC also showed that the pretherapeutic cT stage, GTV and Siewert type were 
independent predictive factors related to response to DOS (odds ratio = 4.631, 1.027 and 7.639, respectively; all P < 
0.05). The nomogram developed with these independent factors showed an excellent performance to predict 
response to DOS in the TC and VC (C-index: 0.838 and 0.824), with area under the receiver operating characteristic 
curve of 0.838 and 0.824, respectively. The calibration curves showed that the practical and predicted response to 
DOS effectively coincided.

CONCLUSION 
A novel nomogram developed with pretherapeutic cT stage, GTV and Siewert type predicted the response of 
Siewert type II/III AEG to NAC with DOS.

Key Words: Esophagogastric junction; Adenocarcinoma; Neoadjuvant chemotherapy; Response; Tomography, X-ray 
computed; Predictor

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We developed a computed-tomography-based nomogram with independent predictors including cT stage, gross 
tumor volume and Siewert type to predict the response of Siewert type II/III adenocarcinoma of the esophagogastric junction 
to neoadjuvant chemotherapy (NAC) with docetaxel, oxaliplatin and S-1 (DOS). The nomogram could predict subgroups of 
patients who would optimally benefit from NAC with DOS. Siewert type could be a novel predictor for response to NAC 
compared, which lays a foundation for follow-up studies.

Citation: Zhou CQ, Gao D, Gui Y, Li NP, Guo WW, Zhou HY, Li R, Chen J, Zhang XM, Chen TW. Computed tomography-based 
nomogram of Siewert type II/III adenocarcinoma of esophagogastric junction to predict response to docetaxel, oxaliplatin and S-1. 
World J Radiol 2024; 16(1): 9-19
URL: https://www.wjgnet.com/1949-8470/full/v16/i1/9.htm
DOI: https://dx.doi.org/10.4329/wjr.v16.i1.9

INTRODUCTION
The incidence of adenocarcinoma of esophagogastric junction (AEG) has increased worldwide, and the survival rate is 
unsatisfactory[1,2]. Currently, surgical resection is the primary treatment for AEG, but it is only suitable for early-stage 
patients[3]. Generally, most patients are diagnosed in the advanced stage, indicating that they are unsuitable for surgical 
resection. Multimodal treatment has become the standard of care for locally advanced AEG. Preoperative neoadjuvant 
chemotherapy (NAC) is designed to shrink the tumor to achieve a higher rate of complete resection[4]. Although there is 
no uniform NAC regimen for AEG patients, and the regimens differ regionally, some research has indicated superiority 
of a docetaxel-based regimen over the established regimens, including S-1 and oxaliplatin, and cisplatin and fluorouracil
[5-8]. The Eastern Asia countries mostly used docetaxel, oxaliplatin and S-1 (DOS) as first-line NAC[7]. However, 
research has demonstrated that patients who do not respond to DOS have a significantly worse prognosis. For docetaxel-
based regimens, the key is to select AEG patients who optimally benefit from DOS and who do not respond to DOS in 
clinical practice.

The optimal treatment choice for AEG relies on the TNM staging and anatomical location. To evaluate the TNM stage 
and location, endoscopic ultrasound and computed tomography (CT) are the most common choices at present. However, 
endoscopic ultrasound is an invasive examination and may cause mucosal injury and uncomfortable response. In 
addition, it is hard to perform endoscopic ultrasound if the tumor causes significant stenosis. Compared with endoscopic 
ultrasound, CT can clearly show the morphological characteristics of the tumor, in addition to cT stage, cN stage and 
location of the lesion, and can measure tumor diameter and volume to assess the response to NAC[9,10]. Beer et al[11] 
reported the early response of AEG after NAC could be predicted through gross tumor volume (GTV) on CT. Hofheinz et 
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al[12] compared the response of advanced gastric cancer after different treatments through the changes in diameter, and 
cT and cN stages on CT. To our knowledge, there is no report on the development of a model based on CT characteristics 
to predict the response to DOS for advanced AEG patients. Our study aimed to establish and validate a novel nomogram 
based on CT characteristics to predict response to DOS, which could be helpful to choose optimal treatment and avoid the 
toxicity of DOS.

MATERIALS AND METHODS
Patients
This study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of our 
hospital. Written informed consent was obtained from each participant before the study.

From October 2017 to January 2021, we collected 150 consecutive patients with biopsy-confirmed AEG. The T and N 
stages were clinically determined according to American Joint Committee on Cancer (eighth edition). AEG was classified 
as stage T0 if there was no evidence of primary tumor, and T1, T2, T3, and T4 if tumors invaded the lamina propria or 
submucosa, invaded the muscularis propria or subserosa, penetrated the serosa (visceral peritoneum) without invasion of 
adjacent structures, and invaded adjacent structures, respectively. AEG was classified as stage N0 if there were no 
metastatic lymph nodes, and N1, N2, and N3 if there were one to two, three to six, and seven or more metastatic lymph 
nodes, respectively.

Patients were enrolled according to the following inclusion criteria: (1) Patients were diagnosed with AEG through 
gastroscopic biopsy and with locally advanced AEG confirmed by pretherapeutic CT (depth of tumor invasion > cT2N+M
0), and met the National Comprehensive Cancer Network (NCCN) guidelines[13]; and (2) patients received DOS 
chemotherapy, and underwent thoracoabdominal contrast-enhanced CT (CECT) in our hospital after three cycles of 
NAC. The exclusion criteria were as follows: (1) The quality of CT images was poor (n = 2); (2) The clinical data were 
incomplete (n = 3); (3) Patients had contemporary or previous malignancies (n = 7); or (4) AEG was classified as Siewert 
type I according to the NCCN guidelines, and was treated as esophageal carcinoma (n = 4). We enrolled 134 patients. 
However, the number of cT2 stage patients was too small (n = 6), and surgical treatment was mainly used in clinical 
practice. Therefore, we did not enroll cT2 stage patients, and collected cT3-4 stage patients. As a result, we enrolled 128 
consecutive cT3-4 stage patients who received DOS. All patients were randomly assigned to the training cohort (TC) and 
validation cohort (VC) at a ratio of 7:3, and the assignment was proportionally stratified by tumor location, cT stage, and 
cN stage. To ensure no distant metastases, positron emission tomography-CT was used before NAC. The clinical charac-
teristics of the 128 enrolled patients are listed in Table 1.

The DOS treatment during each 3-week cycle was as follows. Docetaxel 75 mg/m2 and oxaliplatin 130 mg/m2 were 
administered by intravenous infusion on day 1. Based on the patient’s body surface, S-1 was administered orally on days 
1–14 (80, 100 and 120 mg/time in the case of body surface area < 1.25 m2, 1.25–1.5 m2 and ≥ 1.5 m2, respectively).

CT image acquisition
All patients in our study underwent CT scans with two 64 multi-detector systems (LightSpeed VCT; GE Medical Systems, 
Milwaukee, WI, United States) 1 wk before initiation of NAC and after three cycles. Before each CT examination, all 
patients drank 500–1000 mL water as an oral negative contrast material. Patients were scanned in the supine position and 
held their breath for 10–15 s to obtain good quality images. After conventional CT without enhancement, biphasic 
enhancement CT scans were obtained 25 and 70 s after intravenous injection of 1.5 mL/kg contrast material (Omnipaque, 
Iohexol; GE Healthcare, Chicago, IL, United States) at a rate of 3.0 mL/s with a pump injector (Medrad; Vistron CT 
Injection System, Minneapolis MN, United States). The first-phase enhancement resulted in arterial phase images, and the 
second-phase enhancement resulted in portal venous phase images. The coverage of CT examination in the arterial phase 
was from the apex of the lungs to the middle of the right kidney to obtain thoracic enhanced images and abdominal 
arterial phase images. The coverage of CT in the portal venous phase was from the right diaphragmatic dome to the 
middle of the right kidney to obtain abdominal portal venous phase images. The CT scanning parameters were as 
follows: tube voltage 120 kV, tube current 200 mA, rotation time 0.5 s, detector collimation 64 mm × 0.6 mm, pitch 0.9, 
slice thickness 5 mm, slice interval 5 mm, and matrix 512 mm × 512 mm. The window settings were set with a width of 
400 HU and window level of 40 HU.

Image-based treatment response evaluation
The treatment response in all target lesions including AEG and the positive lymph nodes was evaluated on CT according 
to the Response Evaluation Criteria in Solid Tumors, version 1.1 (RECIST 1.1) criteria[14]. Because the peak enhancement 
of AEG and abdominal lymph nodes was significantly higher in the portal venous phase compared with arterial phase, 
the response evaluation was analyzed through the abdominal portal venous phase images together with thoracic arterial 
phase enhanced images[15]. The treatment response of all target lesions after NAC was determined as follows: sum of 
maximal diameters (MDs) of AEG and positive nodal lesions before treatment minus sum of corresponding MDs after 
treatment at each scanning slice, divided by previous sum of MDs before treatment, multiplied by 100%. The maximal 
diameters of all target lesions were measured at 3D-SLICER (version 4.11, http://www.slicer.org) using CT data before 
DOS in transverse section with a portion of the maximal tumor extension (Figure 1) determined based on this baseline 
examination slice by slice. With CT data after the three cycles NAC, the maximal tumor diameters were similarly 
measured at the same tumor level as in the above baseline examination. For the CT evaluation before and after NAC with 
scan slice no greater than 5 mm, measurable lesions had to be ≥ 1 cm (long axis) for non-nodal lesions, and ≥ 1.5 cm (short 

http://www.slicer.org
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Table 1 Demographic and clinical information of all enrolled patients receiving docetaxel, oxaliplatin and S-1

Variable Training cohort (n = 94) Validation cohort (n = 34)

Age, yr 66.0 ± 7.0 65 ± 6.1

Gender                  

         Male 77 20

         Female 17 14

cT stage                  

         cT3 62 16

         cT4 32 18

cN stage                  

         cN0 8 3

         cN1 36 13

         cN2 40 14

         cN3 10 4

Siewert type                  

         II 39 18

         III 55 16

GTV (cm3) 50.8 ± 32.0 51.1 ± 36.0

GTV: Gross tumor volume.

axis) for nodal lesions. If a lesion was non-measurable and disappeared nearly completely after NAC, it was assigned a 
value of 0 mm.

According to the percentage of the changes in the sum of MDs of all target lesions before and after three cycles of NAC, 
the responses after DOS treatment were individually divided into complete response (CR), partial response (PR), stable 
disease (SD) and progressive disease (PD) which were defined as follows. (1) CR: disappearance of all target lesions, 
confirmed at 4 wk; (2) PR: ≥ 30% decrease from baseline, confirmed at 4 wk; (3) SD: Neither PR nor PD criteria met; and 
(4) PD: ≥ 20% increase over smallest sum observed and overall 5-mm net increase or appearance of new lesions. Based on 
the above treatment responses, we used the index of disease control rate (DCR) to evaluate the response of DOS: DCR = 
CR + PR + SD.

Prognostic factors associated with response after DOS
Besides sex and age, the possible prognostic factors associated with responses after DOS treatment were evaluated with 
CT before DOS treatment. Two gastrointestinal radiologists (first author with 3 years’ experience in radiology and the 
corresponding authors with 25 years’ experience in abdominal radiology) assessed the Siewert Classification according to 
the tumor location, by consensus based on the portal-venous-phase-enhanced CT data[15]. AEG was divided into three 
types based on the distance from the epicenter of the tumor to the gastroesophageal junction (GEJ). Tumors were 
classified as: type I, epicenter 1–5 cm above the GEJ; type II, 1 cm above and 2 cm below the GEJ; and type III, epicenter 
2–5 cm below the GEJ.

The measurement of GTV was also performed at 3D-SLICER by defining regions of interest according to the tumor 
area slice by slice, and we tried to avoid the air within the esophageal and gastric lumen as much as possible (Figure 1). 
The software automatically calculated the tumor volume. cT and cN stages before DOS determined on CT were also 
selected as possible prognostic factors associated with NAC response.

Inter- and intraobserver measurements of maximal tumor diameter and GTV
To ensure the accuracy of the pre and post-NAC maximal tumor diameter and pre-NAC GTV measurements in the TC 
and VC, two experienced radiologists (each with 3 years of radiology experience) independently measured the maximal 
tumor diameters and GTV to verify the interobserver repeatability. To verify intraobserver reliability, the first radiologist 
remeasured the maximal tumor diameters and GTV in all patients 1 month later. Before the radiologists’ measurements, a 
radiology professor with 25 years of experience trained them how to measure the maximal tumor diameter and GTV 
randomly in 20 patients.

Statistical analysis
The IBM SPSS for Windows version 25.0 (SPSS, Chicago, IL, United States) was used for statistical analysis. The 
continuous variables were expressed as mean ± standard deviation. Categorical variables were shown as numbers and 
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Figure 1 Measurements of maximal diameters and gross tumor volume based on portal venous phase contrast-enhanced computed 
tomography in a 65-year-old male with adenocarcinoma of the esophagogastric junction. A: Maximal diameters of the tumor before three cycles 
neoadjuvant chemotherapy with docetaxel, oxaliplatin and S-1 (DOS); B: Maximal diameters of the tumor after three cycles DOS; C: Gross tumor volume (GTV) of the 
tumor before three cycles DOS; D: GTV of the tumor after three cycles DOS.

percentages. P < 0.05 was considered statistically significant. The intra-class correlation coefficient (ICC) was used to 
evaluate the reliability of maximal tumor diameter and GTV measurements. ICC < 0.5, 0.5–0.75, 0.75–0.9, and > 0.9 was 
considered to have poor, moderate, good, and excellent reliability, respectively.

The χ2 test or Fisher’s test in the TC was used to assess the univariate associations of possible categorical variables with 
the response after NAC. The Mann–Whitney U test was used to determine the univariate associations of continuous 
variables with the response of NAC. The univariate factors with statistical significance for the response of AEG were 
enrolled in multivariate analysis, and binary logistic regression analysis was used to identify the independent predictors.

Establishment and validation of nomogram
The nomogram model was established based on all enrolled variables with P < 0.05 in multivariate analysis of the TC. 
The concordance index (C-index) was used to evaluate the performance of the nomogram in the two cohorts. Calibration 
curves were also plotted to compare nomogram-predicted DCR and actual DCR of the enrolled cohorts by using a 45-
degree line as an optimal model in the two cohorts. Receiver operating characteristic (ROC) curves for the two cohorts 
were generated and compared based on the area under the curve (AUC). Nomogram, calibration and ROC were plotted 
by R4.2.1 with car, rms, pROC and rmda packages.

RESULTS
Inter- and intraobserver measurements agreements in the TC and VC
The interobserver agreements in the measurements of the pre and post-NAC maximal tumor diameter and pre-NAC GTV 
in the TC and VC were 0.969 [95% confidence interval (95%CI): 0.957–0.979] and 0.914 (95%CI: 0.881–0.939), respectively. 
The intraobserver agreements in the maximal tumor diameter and GTV measurements were 0.947 (95%CI: 0.927–0.963) 
and 0.982 (95%CI: 0.974–0.987), respectively. Because of all ICC values were > 0.9, the first measurements from observer 1 
were repeatable, and were used for subsequent analysis.

Univariate analysis: association of prognostic factors with response after DOS in the TC
The associations of possible prognostic factors with the treatment response in AEG patients receiving DOS are shown in 
Table 2. Patients with Siewert type III had a greater chance to achieve DCR compared with patients with type II. Patients 
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Table 2 Univariate analysis of possible prognostic factors associated with responses to docetaxel, oxaliplatin and S-1

Parameter DCR PD P value

Sex 0.664

Male 70 (82.4) 7 (77.8)

Female 15 (17.6) 2 (22.2)

Age 66.0 ± 4.1 67.2 ± 3.9 0.728

cT stage 0.028

cT3 57 (70.4) 5 (38.5)

cT4 24 (29.6) 8 (61.5)

cN stage 0.351

cN0 6 (10.2) 2 (5.7)

cN1 7 (11.7) 29(82.9)

cN2 37 (62.1) 3 (8.6)

cN3 9 (15.2) 1 (2.8)

Siewert type 0.005

II 29 (35.8) 10 (76.9)

III 52 (64.2) 3 (23.1)

GTV (cm3) 47.3 ± 27.4 73.2 ± 54.3 0.040

The numbers in the parentheses are percentages. DCR: Disease control rate; PD: Progression disease; GTV: Gross tumor volume.

with cT3 stage tumor had a greater chance to achieve DCR than those with cT4. The larger the GTV, the poorer the 
response to NAC (all P < 0.05). However, age, gender and cN stage were not associated with treatment response (all P > 
0.05).

Multivariate analysis: Association of factors with response after DOS in the TC
We performed logistic regression analyses to further identify potential prognostic factors for the response to DOS in the 
TC. Pretherapeutic cT stage (P = 0.039, OR = 4.631, 95%CI 1.082–14.824), GTV (P = 0.007, OR = 1.027, 95%CI 1.007–1.046) 
and Siewert type (P = 0.014, OR = 7.639, 95%CI 1.514–28.540) were independent prognostic factors for response to DOS.

Development and validation of nomogram model
The nomogram model (Figure 2) included three significant variables (cT stage, GTV and Siewert type) according to 
multivariate analysis of the TC. This model was used to predict the incidence of DCR. Each subtype of enrolled covariates 
including cT stage, GTV and Siewert type was assigned as a point. By adding the total points and positioning them on the 
bottom scale, we calculated DCR.

In the TC, the C-index of the model was 0.838 (95%CI 0.703–0.964). In the VC, the C-index of the model was 0.824 
(95%CI 0.721–0.971). The predictive accuracies of the nomogram were validated in the TC and VC. The AUC of the model 
was 0.838 (95%CI 0.703–0.964) in the TC, and 0.824 (95%CI 0.721–0.971) in the VC (Figure 3). The calibrations curves plots 
performed well in the two cohorts (Figure 4).

DISCUSSION
In this study, we investigated the possible predictors associated with treatment response, and found that pretherapeutic 
GTV, cT stage and Siewert type as shown on CT were independent prognostic factors. We developed a nomogram model 
to predict the response to DOS in advanced AEG patients.

Our study demonstrated that pretherapeutic GTV could be an independent prognostic factor of AEG after DOS 
treatment. This finding is supported by other reports[16,17]. GTV is a comprehensive index that reflected tumor diameter 
and tumor invasion depth, and it has been demonstrated as a significant indicator for assessing the therapeutic response 
of AEG, indicating that GTV could be a prognostic factor.

As another independent prognostic factor of the response to DOS, cT stage is associated with the invasion depth of 
tumors, and provides prognostic estimation for clinicians. Bott et al[18] reported that patients with cT3 stage esophageal 
adenocarcinoma were more likely to achieve DCR than those with cT4 stage, illustrating that cT stage can be an effective 
index to predict treatment prognosis. This finding can be explained by a high expression level of special AT-rich binding 
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Figure 2 Nomogram was developed to predict disease control rate of adenocarcinoma of the esophagogastric junction after three cycles 
of neoadjuvant chemotherapy with docetaxel, oxaliplatin and S-1. DCR: Disease control rate.

Figure 3 Receiver operating characteristic curves of the nomogram. A: Area under curve with 0.838 in training cohort; B: Area under curve with 0.824 in 
validation cohort.

protein 1 in patients with cT4 stage gastric cancer, which plays a vital role in facilitating tumor invasion, metastasis and 
multidrug resistance, resulting in the unsatisfactory response in tumors with later cT stage[19-21].

Our study demonstrated that patients with Siewert type III AEG could benefit more from DOS than patients with type 
II. Studies have shown the histological differences between types II and III AEG. Compared with patients with type II 
AEG, background mucosa of patients with type III mainly showed moderate to marked atrophy and intestinal meta-
plasia, and almost half of type II AEG originated from gastritis-unrelated mucosa[22,23]. AEGs with atrophy or intestinal 
metaplasia were less aggressive than those without these histological changes, and the prognosis of tumors with 
intestinal metaplasia was better than of tumors without intestinal metaplasia. Besides, AEG with atrophy or intestinal 
metaplasia benefited more from NAC compared with the diffuse type[7,24].

Clinically, we established a novel nomogram based on pretherapeutic cT stage, Siewert type and GTV to predict the 
response of DOS in patients with AEG, and the C-indexes of the models in the TC and VC were 0.838 and 0.824, 
respectively, suggesting good predictive ability. By identifying non-responders, the treatment strategies for these patients 
may be adjusted accordingly; therefore, these patients could avoid the adverse effects associated with NAC and thus 
prolong their survival.
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Figure 4 Calibration curve of the nomogram. A: Calibration curve in the training cohort; B: Calibration curve in the validation cohort.

The study had some limitations. First, this was a single-center study, indicating that the general applicability of our 
model needs further validation. Second, the sample size was small, especially for patients with CR. Our model still 
showed excellent performance. In the future, we will expand the sample size for further study.

CONCLUSION
In conclusion, this study illustrated that pretherapeutic cT stage, GTV and Siewert type could be independent prognostic 
factors for response to DOS. Based on the three independent prognostic factors, a novel nomogram was established to 
predict the response to DOS. We hope that our nomogram will help clinicians select suitable patients with Siewert types 
II and III AEG to undergo DOS, and identify non-responders to adjust the treatment strategies and to avoid toxicity 
associated with DOS.

ARTICLE HIGHLIGHTS
Research background
The incidence of adenocarcinoma of esophagogastric junction (AEG) has increased worldwide, and the survival rate is 
unsatisfactory. Generally, most patients are diagnosed in the advanced stage. Multimodal treatment has become the 
standard of care for locally advanced AEG. The NAC regimen for AEG patients differ regionally. Some research has 
indicated superiority of a docetaxel-based regimen over the established regimens, including S-1 and oxaliplatin, and 
cisplatin and fluorouracil. The Eastern Asia countries mostly used docetaxel, oxaliplatin and S-1 (DOS) as first-line NAC. 
However, research has demonstrated that patients who do not respond to DOS have a significantly worse prognosis. For 
docetaxel-based regimens, the key is to select AEG patients who optimally benefit from DOS and who do not respond to 
DOS in clinical practice.

Research motivation
The optimal treatment choice for AEG relies on the TNM staging and anatomical location. To evaluate the TNM stage and 
location, endoscopic ultrasound and computed tomography (CT) are the most common choices at present. Compared 
with endoscopic ultrasound, CT can clearly show the morphological characteristics of the tumor, in addition to cT stage, 
cN stage and location of the lesion, and can measure tumor diameter and volume to assess the response to NAC. To our 
knowledge, there is no report on the development of a model based on CT characteristics to predict the response to DOS 
for advanced AEG patients.

Research objectives
Our study aimed to establish and validate a novel nomogram based on CT characteristics to predict response to DOS, 
which could be helpful to choose optimal treatment and avoid the toxicity of DOS.

Research methods
One hundred and twenty-eight consecutive patients with confirmed Siewert type II/III AEG underwent CT before and 
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after three cycles of NAC with DOS, and were randomly and consecutively assigned to the training cohort (TC) (n = 94) 
and the validation cohort (VC) (n = 34). Therapeutic effect was assessed by disease-control rate and progressive disease 
according to the Response Evaluation Criteria in Solid Tumors (version 1.1) criteria. Possible prognostic factors associated 
with responses after DOS treatment including Siewert classification, gross tumor volume (GTV), and cT and cN stages 
were evaluated using pretherapeutic CT data in addition to sex and age. Univariate and multivariate analyses of CT and 
clinical features in the TC were performed to determine independent factors associated with response to DOS. A 
nomogram was established based on independent factors to predict the response. The predictive performance of the 
nomogram was evaluated by Concordance index (C-index), calibration and receiver operating characteristics curve in the 
TC and VC.

Research results
Univariate analysis showed that Siewert type (52/55 vs 29/39, P = 0.005), pretherapeutic cT stage (57/62 vs 24/32, P = 
0.028), GTV (47.3 ± 27.4 vs 73.2 ± 54.3, P = 0.040) were significantly associated with response to DOS in the TC. 
Multivariate analysis of the TC also showed that the pretherapeutic cT stage, GTV and Siewert type were independent 
predictive factors related to response to DOS (odds ratio = 4.631, 1.027 and 7.639, respectively; all P < 0.05). The 
nomogram developed with these independent factors showed an excellent performance to predict response to DOS in the 
TC and VC (C-index: 0.838 and 0.824), with area under the receiver operating characteristic curve of 0.838 and 0.824, 
respectively. The calibration curves showed that the practical and predicted response to DOS effectively coincided.

Research conclusions
This study illustrated that pretherapeutic cT stage, GTV and Siewert type could be independent prognostic factors for 
response to DOS. Based on the three independent prognostic factors, a novel nomogram was established to predict the 
response to DOS.

Research perspectives
We have developed a novel nomogram based on the independent prognostic factors including pretherapeutic cT stage, 
GTV and Siewert type of AEG as depicted on CT to predict response to DOS. We hope that our nomogram will help 
clinicians select suitable patients with Siewert types II and III AEG to undergo DOS, and identify non-responders to 
adjust the treatment strategies and to avoid toxicity associated with DOS.
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Abstract
BACKGROUND 
After approval for clinical use in 2017 early investigations of ultra-high-field 
abdominal magnetic resonance imaging (MRI) have demonstrated the feasibility 
as well as diagnostic capabilities of liver, kidney, and prostate MRI at 7-Tesla. 
However, the elevation of the field strength to 7-Tesla not only brought advan-
tages to abdominal MRI but also presented considerable challenges and draw-
backs, primarily stemming from heightened artifacts and limitations in Specific 
Absorption Rate, etc. Furthermore, evidence in the literature is relatively scarce 
concerning human studies in comparison to phantom/animal studies which 
necessitates an investigation into the evidence so far in humans and summarizing 
all relevant evidence.

AIM 
To offer a comprehensive overview of current literature on clinical abdominal 7T 
MRI that emphasizes current trends, details relevant challenges, and provides a 
concise set of potential solutions.
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METHODS 
This systematic review adheres to Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
guidelines. A PubMed search, utilizing Medical Subject Headings terms such as "7-Tesla" and organ-specific terms, 
was conducted for articles published between January 1, 1985, and July 25, 2023. Eligibility criteria included studies 
exploring 7T MRI for imaging human abdominal organs, encompassing various study types (in-vivo/ex-vivo, 
method development, reviews/meta-analyses). Exclusion criteria involved animal studies and those lacking 
extractable data. Study selection involved initial identification via title/abstract, followed by a full-text review by 
two researchers, with discrepancies resolved through discussion. Data extraction covered publication details, study 
design, population, sample size, 7T MRI protocol, image characteristics, endpoints, and conclusions.

RESULTS 
The systematic review included a total of 21 studies. The distribution of clinical 7T abdominal imaging studies 
revealed a predominant focus on the prostate (n = 8), followed by the kidney (n = 6) and the hepatobiliary system 
(n = 5). Studies on these organs, and in the pancreas, demonstrated clear advantages at 7T. However, small bowel 
studies showed no significant improvements compared to traditional MRI at 1.5T. The majority of studies 
evaluated originated from Germany (n = 10), followed by the Netherlands (n = 5), the United States (n = 5), Austria 
(n = 2), the United Kingdom (n = 1), and Italy (n = 1).

CONCLUSION 
Further increase of abdominal clinical MRI field strength to 7T demonstrated high imaging potential, yet also 
limitations mainly due to the inhomogeneous radiofrequency (RF) excitation field relative to lower field strengths. 
Hence, further optimization of dedicated RF coil elements and pulse sequences are expected to better optimize 
clinical imaging at high magnetic field strength.

Key Words: 7-Tesla magnetic resonance imaging; Abdominal; Prostate; Kidney; Renal; Pancreas; Hepatobiliary; Liver; Small 
bowel

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: At 7T non-enhanced T1w imaging, especially time-of-flight magnetic resonance angiography, excels in liver vessel 
assessment, outperforming both steady-state free precession and T2-weighted TSE techniques. Additionally, 7T magnetic 
resonance spectroscopy (MRS), particularly 31P-MRS, provides valuable insights into hepatic energy metabolism in non-
alcoholic fatty liver disease/non-alcoholic steatohepatitis. In pancreatic evaluation, 7T magnetic resonance imaging (MRI) 
holds promise for tumor characterization. Renal 7T MRI demonstrates potential for reducing contrast use, and prostate 
imaging explores metabolomic profiles and multi-voxel MRS for cancer detection. Imaging the small bowel at 7T currently 
offers no significant advantages. Despite challenges 7T MRI holds promise for advancing abdominal diagnostics.

Citation: Perera Molligoda Arachchige AS, Teixeira de Castro Gonçalves Ortega AC, Catapano F, Politi LS, Hoff MN. From strength 
to precision: A systematic review exploring the clinical utility of 7-Tesla magnetic resonance imaging in abdominal imaging. World J 
Radiol 2024; 16(1): 20-31
URL: https://www.wjgnet.com/1949-8470/full/v16/i1/20.htm
DOI: https://dx.doi.org/10.4329/wjr.v16.i1.20

INTRODUCTION
Magnetic resonance imaging (MRI) of the abdomen is a proven and useful tool for the evaluation, assessment of severity, 
and follow-up of diseases of the abdomen as summarized by the American College of Radiology[1]. It is an evolving 
technology involving a variety of pulse sequences and protocols that are continuously being modified and improved.

It is well-known that unlike traditional X-rays, standard clinical MRI relies on the behaviour of hydrogen protons in 
response to these magnetic fields. Higher MRI magnetic field strengths ensure that more protons align with the field, 
generating more usable tissue magnetization. This enhances image signal relative to background noise. Initially, scientists 
believed 0.5T would be the maximum clinicaI magnet strength due to concerns about radiofrequency penetration in live 
tissue[2]. However, 1.5T clinical scanners started becoming available in the 1980s, and by 2002, 3T scanners gained 
approval. Although the first 7T research scanners emerged in 1999, they were limited to neuroimaging and some 
extremity applications. The first body images showcasing potential for prostate imaging at 7T were presented in 2007. 
Motivated by the desire to enhance resolution and contrast, 7T body MRI expanded, with the first abdominal images 
published in 2009. Today, 7T MRI is even employed in imaging challenging anatomical regions such as cardiac tissue[3]. 
Although multiple groups have worked on developing 7T methods and overcoming associated challenges, it wasn't until 
2017 that 7T scanners received United States Food and Drug Administration and European Medicines Agency approval 

https://www.wjgnet.com/1949-8470/full/v16/i1/20.htm
https://dx.doi.org/10.4329/wjr.v16.i1.20
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for clinical use[4]. Since then, there has been growth of in vivo body applications of 7T MRI in humans. Initial efforts 
involved acquiring landscaping image sets to establish the overall feasibility and safety of 7T whole body, breast, cardiac 
and metabolic magnetic resonance (MR) imaging. Subsequent publications have shifted focus towards implementing 
standardized imaging protocols to explore the diagnostic capacity of 7T abdominal MRI in dedicated examinations of 
non-enhanced and contrast-enhanced liver and kidney imaging, as well as renal MR angiographic applications[5-9]. This 
systematic review aims to provide an overview of the work currently published on clinical abdominal 7T MRI, where 
challenges to its application will be detailed along with a short overview of possible solutions.

MATERIALS AND METHODS
Search strategy
The systematic review follows the guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) statement. We used the PubMed database to perform the literature search using the following MeSH terms: “7-
Tesla” AND “abdominal” OR “renal” OR “kidney” OR “pancreas” OR “pancreatitis” OR “pancreatic” OR “liver” OR 
“hepatic” OR “hepatobiliary” OR “spleen” OR “intestine” OR “colon” OR “bladder” OR “uterus” OR “ovaries” OR 
“prostate”. Articles published between January 1, 1985 to July 25, 2023 were searched.

Eligibility criteria
Studies were included that investigated the use of 7T MRI for any human abdominal organ and their associated 
disorders. In particular, studies were included if they were: (1) Human studies; (2) in-vivo/post-mortem/histological/ex-
vivo studies; (3) related to MRI sequence/method development; and/or (4) reviews/case series or meta-analyses. Studies 
were excluded if they were: (1) Animal studies; (2) simulations; or (3) yielded no extractable data.

Study selection
Studies were first identified by a single researcher through review of titles/abstracts. Any study that used 7T MRI to 
investigate the abdominal organs and disorders was moved to the next stage of screening. The second round of screening 
was conducted by two researchers based on the full text, following the eligibility criteria mentioned above. Any discrep-
ancies in judgment were resolved through discussion.

Data extraction
The following data were extracted: publication characteristics (first author and year of publication), study design, study 
population, sample size, 7T MRI protocol, imaging protocol/characteristics, endpoints, and conclusions.

RESULTS
Studies reviewed
The search strategy produced 158 results, amongst which 62 studies were screened by title/abstract to yield 38 studies for 
further full-text review. Finally, after filtering by eligibility criteria, data extraction for qualitative synthesis was 
conducted on 21 studies via manual citation review (Figure 1)[10].

Risk of bias assessment
We used Version 2 of the Cochrane risk-of-bias tool for randomized trials (RoB 2.0) to obtain the Traffic-Light plot for the 
risk of bias assessment for all original investigative studies[11]. The risk of bias was initially evaluated by one researcher, 
everything was reviewed by the second researcher, and any disagreements were discussed before arriving at a 
conclusion. Risk of bias was assessed across five domains D1-D5, with D1 being the bias due to randomization, D2 being 
bias due to deviation from intended intervention, D3 being bias due to missing outcome data, D4 being bias in the 
measurement of outcome, and D5 being bias during the selection of the reported result, see Figure 2.

Distribution of clinical 7T abdominal imaging studies
The focus on the studies were predominantly on the prostate (n = 8), followed by the kidney (n = 6) and the hepatobiliary 
system (n = 5). While the studies on the prostate, kidney, hepatobiliary system, and pancreas demonstrated clear 
advantages at 7T, small bowel studies showed no significant improvements relative to traditional MRI (1.5 T). The largest 
number of studies are reported from Germany (n = 10) followed by the Netherlands (n = 5), the United States (n = 5), 
Austria (n = 2), United Kingdom (n = 1), Italy (n = 1), see Figure 3.

Techniques and protocols for 7T abdominal MRI
Overall, 22 studies have been summarized in Table 1 with details on study design, imaging protocols, study sample, and 
endpoints/applications. Note that the study by Tenbergen et al[12] is not included in the table since we only included 
original investigations.
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Table 1 Overview of studies evaluating abdominal organs with 7T-magnetic resonance imaging

Ref. Study Design MRI model, RF Coil & Imaging Parameters No. of 
patients Endpoints/Applications 

Fischer et al
[17], 2014

Prospective 
study

Siemens Terra: 8-channel transmit/receive body 
coil; T1w 2D FLASH TOF MRA; transversal 
orientation; TR = 17ms; TE = 4.7 ms; TA = 0:33 s

12 For non-enhanced MR imaging of the arterial, 
venous and portal liver vessels in candidates for 
hepatectomy or liver transplantation with acute or 
chronic renal insufficiency

Traussnigg et al
[20], 2017

Prospective 
Non-
randomized 
feasibility study

Siemens Terra; surface coil (1H/31P, 10 cm 
diameter, Rapid Biomedical GmbH), 2D 31P-MR 
CSI sequence, TA = approximately 10 min

30 As a non-invasive tool for obtaining pathomech-
anistic insights to improve risk stratification using 
changes in energy metabolism including dynamic 
ATP flux in inflammation and fibrosis in non-
alcoholic fatty liver disease (NAFLD) and steato-
hepatitis (NASH)

Beiderwellen et 
al[28], 2017

Prospective 
study

Siemens Terra; 8-channel transmit/receive body 
coil; T1w 3D spoiled gradient-echo VIBE sequence; 
coronal; post-contrast; TR = 2.90 ms; TE = 1.09 ms; 
TA = 27s; Resolution = 1.25 mm × 1.25 mm × 1.6 
mm

10 For Gadobutrol dose reduction (to 0.025 mmol/kg 
of body weight) while maintaining diagnostic 
image quality for the diagnosis of renal artery 
stenosis in patients with renal impairment

Purvis et al[21], 
2017

Prospective 
study

Siemens Terra; 16-channel 31P RF array heart/liver 
butterfly-loop coil pair; 3D UTE CSI sequence; TA = 
approximately 28 min 

26 For studying metabolism in liver disease

Wu et al[30], 
2010

Pilot study (ex-
vivo)

Siemens Terra; T2w TSE and PRESS with CHESS 
water suppression; TE/TR = 30/1700 ms; resolution 
= 3 mm3 isotropic; TA = approximately 23 min; 
MRS data processed using NMR Software Nuts 
(Acorn NMR Inc., Livermore, CA, United States)

N/A To construct a malignancy index based on 
prostate cancer metabolomic profiles

Rosenkrantz et 
al[33], 2015

Feasibility study Siemens Terra: Axial TSE T2w sequence; TR = 11670 
ms; TE = 80 ms; FA = 160; Resolution = 0.75 mm × 
0.75 mm × 3 mm; BW 254 Hz/voxel; NEX = 1

3 For tumor localization using T2w MRI at 7T 
before prostatectomy

Luttje et al[32], 
2014

Feasibility study Siemens Terra: 2D 1H MRSI grid positioned in the 
tumor location as seen, 3D 31P MRSI grid 
positioned over whole prostate; TE/TR = 56/2000 
ms; resolution = 5 mm × 5 mm × 5 mm; TA = 448s; 
3D 31P MRSI TE/TR = 0.42/200 ms; FA = 20°, 
resolution = 12 mm × 12 mm × 12 mm, TA = 610s 

5 To acquire both 1H and 31P MRS within the same 
scan session in patients with prostate cancer

Lagemaat et al
[35], 2015

Prospective 
study

B0 and B1+ field-mapping to optimize B0 and B1 
field homogeneity in the prostate; T2wTE = 71 ms; 
TR = 3000–3640 ms; resolution 0.75 mm × 0.75 mm 
× 3 mm with overlaid 2D 31P T1 3D 31P MRSI 
Nuclear Overhauser Effect (NOE) measurements

12 Optimization of phosphorus (31P) MRSI of the 
human prostate at 7 T by the evaluation of T1 
relaxation times and the NOE of phosphorus-
containing metabolites

Vos et al[31], 
2014

Prospective 
study

Siemens Terra; 8-channel TxRx body array coil + an 
endorectal coil tuned to the P31 frequency; 
Axial/sagittal T2w FSE TR =  3000/3640 ms; TA = 
90/113s

17 Prostate cancer is visualized on T2-weighted MRI 
with periprostatic lipids appearing hypo-intense 
compared to healthy peripheral zone tissue

Durand et al
[34], 2017

Feasibility study  
(ex-vivo)

N/A To determine high-resolution ex-vivo MRI 
protocol parameters for characterization of 
prostate tissue at histological length scales

Philips et al
[36], 2019

Pilot study Siemens Terra; Combined 31P Tx/Rx and 1H Rx 
endorectal coil (31P/ 1H ERC), 8-channel external 
multitransmit 1H array; T2w TSE, resolution 0.43 
mm × 0.43 mm × 3 mm; TA = 119s; DWI EPI 
(RESOLVE) b0, b100, b400, and b800, resolution 1.75 
mm × 1.75 mm × 3 mm, TA = 274s; 31P 3D MRSI 
with non-selective BIR-4 excitation, TA = 789s; 1H 
MRSI PRESS TA = 421s

4 To perform high resolution multiparametric MR 
imaging and 1H and 31P spectroscopy of the 
prostate using a 31P Tx/Rx 1H Rx endorectal coil 
in combination with an external multitransmit 1H 
body array

Hahnemann et 
al[37], 2016

Prospective 
comparative 
study

Siemens Terra; custom-built 8-channel Tx/Rx RF 
body coil with B1+ shimming; coronal bSSFP 
resolution 0.8mm × 0.8 mm × 2.0 mm, TA = 26s; 
axial bSSFP, resolution 0.7 mm × 0.7 mm × 2.0 mm, 
TA = 20s; coronal T2w HASTE, resolution 1.0 mm × 
1.0 mm × 5.0 mm, TA = 25s

12 To perform non-enhanced high quality T2w MRI 
of the small bowel

Gajdošík et al
[22], 2014

Prospective 
study

Siemens Terra; 10 cm diameter Tx/Rx surface coil 
(Rapid Biomedical GmbH, Rimpar, Germany); 
STEAM sequence; resolution 30 mm × 30 mm × 30 
mm

11 To assess the proton T1 and T2 relaxation of in 
vivo hepatic water, choline and lipid metabolites 
with possible J-coupling behavior of lipids in 
healthy volunteers

Pang et al[15], 
2011

Pilot study bisected microstrip transceiver surface coil; SSFP 
sequence; TA < 20s

- For liver imaging
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Cervelli et al
[23], 2022

Feasibility study 
(ex-vivo)

GE Signa; 8-channel Tx/Rx knee RF coil; 
morphologic sequences: 3D-T2w-CUBE, IDEAL 
T1w and T2w, 2D- and 3D-MRCP; Quantitative 
sequences: MP2-RAGE, MSE, IDEAL, 2D-MRF

N/A For differentiating between tumour and non-
target pancreatic tissue using conventional T1w-, 
T2w- sequences and MRF-derived relaxometry. 
The MRF sequence obtained reliable relaxation 
time data

Umutlu et al
[24], 2011

Prospective 
study

Siemens Terra; a custom-built 8-channel Tx/Rx RF 
body coil;  
2D FLASH, resolution = 0.8 mm × 0.8 mm × 2.0 
mm, TA = 31s; 3D FLASH, resolution 1.3 mm × 1.3 
mm × 1.6 mm, TA = 27s; IP and O/P GRE, 
resolution 1.1 mm × 1.1 mm × 3 .0 mm, TA = 20s; 
bSSFP, resolution 1.3 mm × 1.6 mm × 4.0 mm, TA = 
19s; T2w TSE, resolution 1.4 mm × 1.4 mm × 5.5 
mm, TA = 34s 

8 For renal imaging

Umutlu et al
[25], 2011

Prospective 
study

Siemens Terra; custom-built body Tx/Rx RF coil; 
T2w BSSFP, resolution 1.3 mm × 1.6 mm × 4.0 mm; 
T2w TSE; I/P and O/PGRE; T1w 2D FLASH, 
resolution 0.8 mm × 0.8 mm × 2.0 mm

10 To assess the feasibility of dynamic CE renal 
imaging 

Umutlu et al
[26], 2012

Prospective 
study

Siemens Terra; custom-built Tx/Rx RF body array 
coil; Coronal Fat-Saturated 2D FLASH , TA = 31s; 
Coronal Fat-Saturated 3D FLASH TA = 27s; Axial 
Fat-Saturated 2D TOF MRA TA = 33s

12 To investigate the feasibility of 7T nonenhanced 
high-field MRA of the renal vasculature and to 
evaluate the diagnostic potential of various non-
enhanced T1-weighted spoiled gradient-echo 
sequences

Laader et al
[29], 2018

Prospective 
study

Siemens Terra; custom-built eight-channel Tx/Rx 
RF body coil; axial 2D T1w TOF MRA TA = 33s; 
Coronal fat-saturated 3D low-dose CE T1w FLASH 
VIBE, TA = 27s

10 To evaluate the performance of time-of-flight 
MRA versus low-dose CE renal MRA at 7T in 
order to reduce and/or completely omit contrast 
agent use for renal MRA at 7T

Umutlu et al
[27], 2013

Prospective 
study

Siemens Terra; custom-built Tx/Rx RF coil; coronal 
T1w3D FLASH sequence

8 To assess the feasibility of first-pass CE renal 
MRA at 7T

TR: Relaxation time; TE: Echo time; TA: Acquisition time; RF: Radiofrequency; T1w: T1 relaxation-weighting; T2w: T2 relaxation-weighting; TOF: Time-of-
flight; MRA: Magnetic resonance angiography; CSI: Chemical shift imaging; MRSI: Magnetic resonance spectroscopic imaging; MSE: Multiple spin echo; 
MRF: Magnetic resonance fingerprinting; MP2RAGE: Magnetization-prepared 2 rapid acquisition gradient echo; MRCP: Magnetic resonance 
cholangiopancreatography; UTE: Ultrashort echo time; CE: Contrast-enhanced; FLASH: Fast low angle shot magnetic resonance imaging; FSE: Fast spin 
echo; TSE: Turbo spin echo; DWI: Diffusion weighted imaging; EPI: Echo planar imaging; HASTE: Half fourier single-shot turbo spin-echo; SSFP: Steady-
state free precession MRI; N/A: Not applicable.

DISCUSSION
Evaluation of liver and hepatobiliary diseases
The advancements in shimming of the B1 field generated by the 7T multi-channel transmit/receive radiofrequency (RF) 
body coil has created a foundation for effectively applying 7T MRI in abdominal imaging. Numerous studies have 
reviewed the progress in high field imaging ranging from non-enhanced MR angiography (MRA) studies to the use of 
magnetic resonance spectroscopy (MRS) for the detection of metabolic alterations associated with liver diseases including 
non-alcoholic fatty liver disease (NAFLD), non-alcoholic steatohepatitis (NASH), and cirrhosis, emphasizing the inherent 
ability of 7T to improve the signal-to-noise ratio (SNR) in various anatomical regions[13,14]. Liver imaging at 7T is partic-
ularly interesting due to the expected improvements in SNR, and short echo times can enable the acquisition of high-
resolution images (in particular in T1w sequences) with reduced motion artifacts. The susceptibility effect is also more 
prominent at higher field strengths, where 7T susceptibility-weighted imaging has demonstrated enhanced detection and 
quantification of hepatic iron stores[15].

Despite these advantages, there exist technical challenges in transferring liver imaging protocols to high magnetic field 
scanners, specifically related to RF coil and sequence design. For example, a finite-difference time-domain method has 
been employed to analyse RF field penetration behaviour at 7T, revealing limitations in imaging coverage and RF 
penetration in human liver imaging at 7T[15]. Elliptically-shaped tissues like the brain may experience a dielectric effect 
where the short RF wavelength at 7T couples with tissue and forms standing waves, yielding increased B1 penetration 
and inhomogeneity due to enhanced constructive and destructive interference respectively[16]. The irregular geometry of 
the liver may limit this effect, leading to reduced B1 penetration and image coverage. To overcome this limitation, a large-
sized microstrip transceiver coil for deeper penetration in liver imaging was proposed. On the other hand, a benefit of 
lessened dielectric effect in the liver is lessened dielectric shading artifacts.

Non-enhanced T1w imaging, [especially time-of-flight magnetic resonance angiography (TOF-MRA)] holds promise 
for high-quality liver vessel assessment at 7T, offering sharply defined vessel signals and effective background signal 
suppression with successful visualization of intracranial, renal, and lower extremity vessels. Despite the longer 
examination time for TOF-MRA, Fischer et al[17] highlighted its advantages in delineating three types of liver vessels: the 
right portal vein, the inferior vena cava and the middle hepatic vein. It was shown that compared to non-enhanced T1w 
2D FLASH and T1w 3D FLASH sequences, TOF-MRA has high overall image quality and vessel delineation showing 
significantly higher contrast ratios for all liver vessels, with the least impairment by B1 inhomogeneity and susceptibility 
artifacts.
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Figure 1 Flow diagram of the study selection[10].

Both steady-state free precession (SSFP), the most common technique for non-enhanced MR angiography, and T2-
weighted (T2W) turbo spin echo (TSE) imaging techniques face limitations in non-contrast-enhanced liver vessel imaging 
at 7T. SSFP imaging is susceptible to signal heterogeneity in the static magnetic field B0, leading to signal loss artifacts. 
Additionally, SSFP sequences at 7T encounter challenges related to specific absorption rate (SAR) limitations, with SAR 
increasing with the square of the magnetic field and the flip angle, potentially constraining usable flip angles such that 
image signal is inadequate. T2W TSE imaging is also challenging at higher field strengths, since B1 field inhomogeneity 
and constraints in available RF power for generating accurate refocusing pulses and high flip angles can limit the efficacy 
of this sequence at higher magnetic field strengths. Consequently, exploiting the inherently hyperintense vessel signal in 
T1w MRI could be a more promising approach for non-contrast-enhanced liver vessel imaging at 7T[17].

MRS at 7T has been noted for its potential clinical applicability stemming from the high spectral resolution and SNR 
achieved in a tertiary (research) setting. Studies have highlighted the limitations of liver biopsy as the reference standard 
for diagnosing NASH, and there has been a focus on the need for non-invasive tools to monitor the severity and 
progression of NAFLD[18,19]. As a result, proton (1H)- and phosphorus (31P)-MRS have been considered potential 
candidates for real-time detection of hepatic fat, cell membrane, and energy metabolism. While 3T 1H-MRS is effective for 
quantifying liver steatosis, a study by Traussnigg et al[20] additionally studied the clinical potential of 7T 31P-MRS in 
NAFLD patients[8]. Their study sought to obtain novel mechanistic insights into lipid, cell membrane, and energy 
homeostasis in NAFLD by leveraging the increased SNR and spectral resolution of 7T 31P-MRS. The study performed a 
retrospective analysis of spectra acquired from young healthy volunteers, which indicated a statistical increase in 
phosphocreatine (PCr) to total phosphorus signal from the liver of patients with advanced fibrosis. The presence of PCr 
signals in NAFLD or diabetes patients has not been shown in previous studies[20]. The study acknowledged some 
technical limitations, such as the limited transmit bandwidth restricting effective excitation of β-ATP signal at 7T. 
Nevertheless, 7T 31P-MRS could be considered a highly accurate and fast non-invasive method for generating compre-
hensive in vivo profiles of lipid, cell membrane, and energy metabolism in the human liver. The findings indicate 
significant differences in hepatic energy metabolism between NAFL and NASH, providing valuable insights for further 
mechanistic and therapeutic studies of NAFLD/NASH[20].

Similarly, in the same year another study explored the utility of 7T 31P spectroscopy for investigating liver metabolism, 
providing novel insights by measuring T1 values for key metabolites like phosphatidylcholine (PtdC), phosphoen-
olpyruvate (PEP), nicotinamide adenine dinucleotide (NAD+), and uridine diphosphoglucose (UDPG). Chemical Shift 
Imaging (CSI) was employed with a receive array that achieved approximately 46% coverage of the liver to localize 
spectra from a specific volume[21]. The study validated the protocol's accuracy and repeatability in both healthy 
volunteers and cirrhosis patients, demonstrating significant differences in metabolites such as inorganic phosphate (Pi), 
PEP/PtdC, and glycerophosphoetanolamine. Notably, the study reported a 12% reduction in Pi in cirrhosis patients, 
indicating the potential of 7T 31P spectroscopy to detect metabolic alterations associated with liver diseases. They 
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Figure 2 Risk of bias associated with the studies included in the review.

Figure 3 Charts illustrating the distribution of clinical 7T abdominal imaging studies. A: Organ system; B: Country.
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concluded that 7T 31P spectroscopy is a powerful and reliable tool for in-depth investigations into liver metabolism, 
offering valuable insights into T1 relaxation times and metabolic changes associated with cirrhosis[21].

Lastly, Gajdošík et al[22] delved into the 1H magnetic resonance relaxation behaviour within hepatic tissue at 7T. In 
vivo T1 and T2 relaxation times for water, methyl groups, and various lipids were quantified. The study successfully 
resolved key metabolites and maintained a well-tolerated protocol within a 60-min timeframe for volunteers. The 
findings highlight the potential for future applications in characterizing diverse liver pathologies.

Assessment of pancreatic diseases
For what concerns the pancreas, the aim of 7T MRI so far has been to identify useful imaging biomarkers by evaluating 
the radiological-histopathological correlation of pancreatic lesions. A recent study[23] evaluated the correlation between 
7T MRI findings and histological features in Pancreatic Ductal Adenocarcinoma (PDAC) lesions, with a secondary 
endpoint of identifying useful MR quantitative sequences for defining an optimal acquisition protocol. MRI findings were 
compared with the histological composition of ex-vivo specimens from lesions preoperatively diagnosed as PDAC via 
computed tomography scan, where ex-vivo samples were chosen to overcome limitations of the study[23]. Despite careful 
coregistration of 7T MRI data with macroscopic and microscopic histological evaluations of pancreaticobiliary lesions, 
this feat was challenged by a lack of sample uniformity in tumour histology. The results demonstrated the utility of 
Magnetization Prepared 2 Rapid Acquisition Gradient Echo (MP2RAGE), multiple spin-echo (MSE), and magnetic 
resonance fingerprinting (MRF)-derived relaxometry in distinguishing tumoral regions from unaffected pancreatic tissue, 
with MRF demonstrating the capacity for obtaining reliable relaxation time data within a breath hold. Yet, further 
exploration is needed to understand MRF's role in differentiating the pancreaticobiliary lesion, peritumoral stroma, and 
residual pancreatic gland. The study concluded that with further validation MRF could play a valuable role in the 
imaging evaluation of pancreatic tumours[23].

Evaluation of renal and adrenal diseases
Some studies conducted a series of renal imaging studies at 7T. Initial studies were feasibility studies while subsequent 
studies compared different imaging sequences for their ability to obtain high quality images by reducing or avoiding the 
use of contrast[24-27].

Initially, they successfully performed renal 7T MRI in eight subjects, with the T1w GRE sequence delivering high 
anatomical detail and excellent visibility of non-enhanced vasculature, and B1 shimming able to reduce signal voids in 
most sequence types. Nevertheless, the study suffered from B0 and B1 inhomogeneities (especially in T2w TSE 
sequences), chemical shift artifacts, RF wavelength effects, and specific absorption rate (SAR) limitations. Despite these 
difficulties, all 7T examinations were well-tolerated by subjects with an average examination time of 25 min[24]. In the 
same year, the same group assessed the feasibility of intravenous injection of Gadobutrol for dynamic contrast-enhanced 
renal MRI at 7T in ten healthy subjects. Among the sequences tested, T1w 2D FLASH yielded the best overall image 
quality, while T2w TSE had the poorest image quality. Additionally, quantitative analysis highlighted the advantages of 
arterial phase 3D FLASH imaging in terms of contrast to noise (CNR) between cortex and medulla[25].

In the following year, the same researchers explored the feasibility of non-enhanced 7T MRA for assessing renal 
perfusion and to evaluate renal vasculature using various T1w sequences. The study also addressed safety concerns 
related to Gadolinium-based contrast agents and their link to nephrogenic systemic fibrosis. Initial results demonstrated 
the feasibility and challenges of non-enhanced 7T renal MRA, ultimately emphasizing the superiority of TOF imaging in 
the tested sequences[26]. Shortly thereafter, they evaluated first-pass contrast-enhanced renal 7T MRA. Eight healthy 
subjects underwent dynamic imaging with contrast, resulting in high definition of the arterial vasculature and increased 
SNR and CNR upon administration of contrast. The study concluded that first-pass contrast-enhanced renal 7T MRA is 
technically feasible and provides superior vessel assessment compared to non-enhanced MRA[27]. Finally, they explored 
the viability of reducing 7T MRA renal Gadobutrol dosage in ten healthy volunteers, and showed that a reduced dose of 
0.025 mmol/kg body weight can maintain sufficient image quality[28].

Another study comparing non-enhanced TOF MRA and low-dose contrast-enhanced renal MRA at 7T showed that 
both methods exhibited moderate overall image quality, with TOF MRA demonstrating less artifacts and better 
delineation of segmental branches within the renal parenchyma[29]. This indicates the feasibility of reducing or 
eliminating contrast agents for renal 7T MRA, with a call for further research to validate these findings.

Overall, despite the demonstrated feasibility of various 7T MRI sequences for kidney imaging, several challenges 
persist. SAR limitations may require sacrifices that include long imaging times and spurious artifacts, especially in T2w 
sequences; these may be partially addressed with parallel imaging and high amplitude stimulated echoes, which unfortu-
nately may compromise SNR. RF inhomogeneity may be managed through RF shimming, an area of ongoing advan-
cement. T1w sequences at 7T often achieve only comparable results to 3T imaging. Non-contrast-enhanced sequences 
show promise for renal vascular imaging at 7T, although there are few direct comparisons with contrast-enhanced 
methods. Despite challenges, the future of renal 7T MRI appears promising.

Evaluation of the prostate
In the context of prostate imaging, 7T MRI has been investigated for the possibility of identifying imaging biomarkers of 
prostate cancer using different enhanced and non-enhanced sequences. In addition, MRS has been extensively invest-
igated for its accuracy in evaluating metabolomic profiles in prostate cancer, and feasibility studies have been conducted 
for combined 1H and 31P MRS and related endorectal coils. One of the first reported prostate studies employing 7T MRI 
evaluated the feasibility of applying metabolomic profiles obtained from intact-tissue 14T MRS to the imaging of whole 
prostates using multi-voxel 7T MRS. Cancerous samples could be differentiated from histologically benign ones using the 
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metabolic profile with an overall accuracy of 93%, demonstrating that metabolomic profiles at ultra-high fields could be 
translated for use in real-world clinical settings[30].

A prostate feasibility study in 2014 by Vos et al[31] demonstrated that 7T T2w imaging could employ dedicated multi-
transmit RF coils with shimming and SAR-monitoring to generate good image quality. All 17 patients completed the 
protocol without adverse incident to yield image quality rated as satisfactory by one reader (R1) and good by the other 
two readers (R2 and R3), with moderate agreement (α = 0.44) amongst them. Lesions were successfully visualized in all 7 
patients with confirmed prostate cancer. Moderate motion artifacts were observed, and six lesions with low Gleason 
scores or small volume were not recognized, highlighting the need for future investigations into the impact of the absence 
of lipid signal at 7T on the detection of extracapsular extension of prostate cancer into periprostatic tissue[31].

That year another study by Luttje et al[32] demonstrated the feasibility of combining 7T 1H MRSI and 31P MRSI in the 
human prostate. The researchers used a customized endorectal coil (ERC) matched and tuned to both 1H and 31P without 
significant efficiency losses or sensitivity discrepancies between channels. 1H MRSI revealed distinct resonances of 
choline, polyamines, creatine, and citrate, offering the potential for individual fitting and increased sensitivity in 
detecting elevated choline levels. They proposed the use of adiabatic RF pulses and coil hardware combinations to 
combat residual B1+ nonuniformity. In vivo 31P MRSI measurements identified signals of phospholipid metabolites, and 
contrary to previous findings indicated lower levels of phosphoethanolamine in tumor areas compared to healthy tissue. 
Combining 1H and 31P MRSI in the same scan session potentially improved diagnostic sensitivity by correlating 
individual compounds of the choline pool with tumor aggressiveness[32]. Another similar study evaluated safety 
concerns of a similar 31P/1H ERC in terms of its proximity to tissue. Electromagnetic field simulations and phantom 
experiments indicated an absence of significant coupling between the 1H and 31P ERC channels and the external body 
array, with SAR and temperature simulations/measurements confirming procedural safety. Successful application of the 
31P/1H ERC in volunteer and patient measurements demonstrated the feasibility and safety for clinical use of 7T prostate 
imaging and spectroscopy[33].

Other 7T MRSI work in the prostate has been performed, including a study by Lagemaat et al[34] aimed at character-
ization of vivo 31P MR spectra. They assessed T1 relaxation times and the nuclear overhauser effect (NOE) of 
phosphorus-containing metabolites, and determined that the NOE enhanced fitting accuracy with some variability, and 
that reducing flip angle (≤ 45°) enabled optimal acquisition in 15 min. Another study used MRSI to discern and localize 
prostate cancer through distinct choline and citrate signal patterns. Tailored coil designs to address B1+ inhomogeneities 
and chemical shift artifacts permitted 31P 7T MRSI to enable identification of phosphorus-containing metabolites. Overall 
insights into prostate tissue biochemistry could be gleaned clinically by leveraging the high 7T SNR to execute 3D 31P 
MRSI within a clinically acceptable timeframe[12].

Other studies included a two patient 7T T2w TSE MRI analysis using a two-loop transmit system that revealed a focal 
region of decreased T2 signal in the peripheral zone suspicious for tumors in both patients[35]. Post-prostatectomy 
analysis of the specimens confirmed good correspondence between these findings and histopathologic assessment of the 
dominant peripheral zone tumor[35]. Another study by Durand et al[36] sought to balance 7T resolution and scan time to 
image the prostate gland. High resolution 100 μm × 107 μm × 750 μm (11 min) and 60 μm × 60 μm × 90 μm (3 h) protocols 
allowed visualization of prostatic microanatomy, aiding in distinguishing benign and malignant tissues, including 
adenocarcinomas with Gleason scores of 7, 8, and 9. The study suggests that these images could serve as a diagnostic non-
invasive alternative to biopsy, and improve treatment planning precision through accurate tumor volume estimation[36].

Finally, there have been indications of other potential clinical applications of 7T MRI in prostate imaging. Dynamic 
contrast-enhanced MRI (DCE MRI) at 7T is a promising method due to the possibility of enhanced spatial and temporal 
resolution, vital for precise pharmacokinetic modeling and qualitative assessment in prostate cancer detection. The R2* 
relaxation rate using Gadolinium-based contrast agents purportedly quadruples at 7T relative to 3T, significantly 
impacting DCE-MRI signal, especially in blood[12]. 7T MRI also holds promise for detecting lymph node metastases in 
prostate cancer patients, offering enhanced spatial resolution for visualizing nodes smaller than 5 mm. Functional MRI 
contrast agents such as ferumoxtran-10 may aid in distinguishing between normal and metastatic lymph nodes, although 
efforts in this capacity have thus far been limited to clinical trials[12].

Evaluation of the small bowel
As of the writing of this article, there does not seem to be any significant advantage to imaging the small bowel at 7T 
relative to traditional MRI field strengths. A study by Hahnemann et al assessed the feasibility and efficacy of non-
enhanced small bowel MRI at both 1.5 T and 7T using fast imaging with balanced steady-state free precession (bSSFP) 
and half-Fourier acquisition single-shot turbo spin-echo sequences[37]. The comparison revealed that mesentery contrast 
and tissue detail delineation were generally superior and occasionally similar at 1.5T relative to 7T across all subjects. 
Contrast of the jejunum and ileum were mostly equivalent at 1.5T and 7T, with one subject exhibiting superior contrast of 
the ileum at 1.5T[37]. Quantitative analysis demonstrated no statistically significant differences in tissue contrast between 
the bowel wall and lumen for 1.5T and 7T in coronal bSSFP, although some axial images revealed significantly higher 
contrast at 1.5T. Overwhelming B1 inhomogeneity and susceptibility artifact in 7T bSSFP imaging led the study to 
conclude that although small bowel MRI at 7T is technically feasible, tissue contrast and image fidelity are at best 
comparable to that achieved at 1.5 T MRI[37].

Limitations of our analysis
It is essential to recognize several limitations of our systematic review. First, our search of records could have missed 
some publications indexed in other databases like EMBASE, Scopus, Google scholar, etc. However, PubMed is known for 
its appropriate and high-quality content from peer-reviewed medical journals, which indicates its applicability for 
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conducting systematic reviews in medicine. Systematic reviews involve a trade-off between comprehensiveness and 
feasibility, and including too many databases can make processing time unwieldy. Note that a manual search in EMBASE 
using the same search criteria showed very few missed studies, suggesting that the sacrifice of avoiding its use was 
relatively small. Second, some areas of study were not adequately represented in the literature, such as imaging of the 
small bowel and pancreas at 7T. Lastly, a meta-analysis of diagnostic accuracy could not be conducted due to the lack of 
adequate studies with similar objectives.

CONCLUSION
While 7T MRI demonstrates remarkable imaging potential, the limitations stemming from inhomogeneous excitation 
fields call for ongoing efforts in optimizing dedicated RF coil and pulse design. Further research and technological 
advancements are crucial to harness the benefits of high magnetic field strengths while mitigating the challenges 
associated with these advancements in MRI technology.

ARTICLE HIGHLIGHTS
Research background
Clinical 7-Tesla HASTE was approved for clinical use in 2017. Since then, it has been used widely in specialized research 
centers mainly for neuroimaging studies. However, it has been also used in the imaging of abdominal organs even 
though the studies are few.

Research motivation
To summarize all the current evidence concerning the utilization of 7-Tesla MRI in clinical abdominal imaging since to 
our knowledge there has been no review paper discussing this before.

Research objectives
To offer a comprehensive overview of current literature on clinical abdominal 7T MRI that emphasizes current trends, to 
summarize the current imaging sequences/parameters used, to describe relevant challenges, and to provide a concise set 
of potential solutions.

Research methods
This systematic review adheres to PRISMA guidelines. A PubMed search, utilizing Medical Subject Headings terms such 
as "7-Tesla" and organ-specific terms, was conducted for articles published between January 1, 1985, and July 25, 2023. 
Eligibility criteria included studies exploring 7T MRI for imaging human abdominal organs, encompassing various study 
types (in-vivo/ex-vivo, method development, reviews/meta-analyses). Exclusion criteria involved animal studies and 
those lacking extractable data. Study selection involved initial identification via title/abstract, followed by a full-text 
review by two researchers, with discrepancies resolved through discussion. Data extraction covered publication details, 
study design, population, sample size, 7T MRI protocol, image characteristics, endpoints, and conclusions.

Research results
The systematic review encompassed a total of 21 studies. Analysis of the distribution of clinical 7T abdominal imaging 
studies indicated a predominant emphasis on the prostate (n = 8), followed by the kidney (n = 6), and the hepatobiliary 
system (n = 5). Research on these organs, as well as the pancreas, demonstrated evident advantages at 7T. Conversely, 
studies on the small bowel did not reveal significant enhancements compared to traditional MRI at 1.5T. The majority of 
the evaluated studies originated from Germany (n = 10), followed by the Netherlands (n = 5), the United States (n = 5), 
Austria (n = 2), the United Kingdom (n = 1), and Italy (n = 1).

Research conclusions
7T MRI showcases remarkable imaging potential, however, the limitations arising from inhomogeneous excitation fields 
underscore the need for ongoing efforts in optimizing dedicated RF coil and pulse design. Continued research and 
technological advancements are imperative to fully harness the advantages of high magnetic field strengths while 
addressing the challenges associated with advancements in MRI technology.

Research perspectives
More studies are necessary to elucidate the full potential of 7-Tesla MRI in abdominal imaging especially when it comes 
to the imaging of the pancreas, and the intestines which had very few investigative studies.
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