
Oral Oncology 68 (2017) 81–91
Contents lists available at ScienceDirect

Oral Oncology

journal homepage: www.elsevier .com/locate /ora loncology
Review
Intravoxel incoherent motion magnetic resonance imaging in head and
neck cancer: A systematic review of the diagnostic and prognostic value
http://dx.doi.org/10.1016/j.oraloncology.2017.03.016
1368-8375/� 2017 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Abbreviations: ADC, apparent diffusion coefficient; CHESS, chemical shift
selective; D*, pseudodiffusion coefficient; D, diffusion coefficient; DWI, diffusion-
weighted imaging; f, perfusion fraction; HASTE, half-fourier acquisition single-shot
turbo spin-echo; IVIM, intravoxel incoherent motion; NAC, neo-adjuvant
chemotherapy; PP, perfusion-related parameter; QUADAS-2, quality assessment
of studies of diagnostic accuracy included in systematic reviews; QUIPS, quality in
prognostic studies; SPIR, spectral presaturation with inversion recovery; SS-SE-EPI,
single-shot spin-echo echo planar imaging; STIR, short tau inversion recovery; YI,
youden index.
⇑ Corresponding author.

E-mail address: d.noij@vumc.nl (D.P. Noij).
Daniel P. Noij a,⇑, Roland M. Martens a, J. Tim Marcus b, Remco de Bree c, C. René Leemans d,
Jonas A. Castelijns a, Marcus C. de Jong a, Pim de Graaf a

aDepartment of Radiology and Nuclear Medicine, VU University Medical Center, De Boelelaan 1117, PO Box 7057, 1007 MB Amsterdam, The Netherlands
bDepartment of Physics and Medical Technology, VU University Medical Center, De Boelelaan 1117, PO Box 7057, 1007 MB Amsterdam, The Netherlands
cDepartment Head and Neck Surgical Oncology, University Medical Center Utrecht, Heidelberglaan 100, 3584 CX Utrecht, The Netherlands
dDepartment of Otolaryngology – Head and Neck Surgery, VU University Medical Center, De Boelelaan 1117, PO Box 7057, 1007 MB Amsterdam, The Netherlands

a r t i c l e i n f o a b s t r a c t
Article history:
Received 20 December 2016
Received in revised form 12 March 2017
Accepted 25 March 2017
Available online 2 April 2017

Keywords:
Head and neck neoplasms
Intravoxel incoherent motion
Diffusion-weighted Imaging
Diagnostic performance
Prognostic performance
Systematic review
Intravoxel incoherent motion (IVIM) imaging is increasingly applied in the assessment of head and neck
cancer (HNC). Our purpose was to determine the diagnostic and prognostic performance of IVIM in HNC
by performing a critical review of the literature. Pubmed and EMBASE were searched until May 2016.
Study and patients characteristics, imaging protocol and diagnostic or prognostic outcomes were
extracted by 2 independent reviewers. The studied IVIM parameters were diffusion coefficient (D), pseu-
dodiffusion coefficient (D⁄), and perfusion fraction (f). We included 10 diagnostic studies, 5 prognostic
studies and 2 studies assessing both. Studies were very heterogeneous in terms of applied b-values,
imaging protocols, outcome measurements and reference standards; therefore we did not perform a
meta-analysis. The most commonly used sequence was ‘‘spin-echo planar imaging”. A median of 10.5
b-values (range, 3–17) were used. All but three studies included at least 4 b-values below b = 200
s/mm2. By combining IVIM-parameters squamous cell carcinomas, lymphomas, malignant salivary gland
tumors, Warthin’s tumors and pleomorphic adenomas could be differentiated with a sensitivity of 85–
87% and specificity of 80–100%. Low pre-treatment D or f and an increase in D during treatment were
associated with a favorable response to treatment. D⁄ appeared to be the parameter with the lowest
prognostic value. Future research should focus on finding the optimal IVIM protocol, using uniformly
accepted study methods and larger patient populations.

� 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Introduction

Head and neck cancer (HNC) accounts for approximately 4% of
the cancer case worldwide, making HNC the sixth most common
cancer by incidence rate [1,2]. HNC mainly consists of tumors aris-
ing in the oral cavity, nasopharynx, oropharynx, hypopharynx, lar-
ynx and salivary glands.
Squamous cell carcinomas (SCC) account for over 90% of HNC
[3]. Alcohol and tobacco use are the most important risk factors
[4]. While early stage disease is usually treated by surgery or radio-
therapy, advanced stage disease is generally treated by surgery and
adjuvant radiotherapy with or without chemotherapy or combined
chemotherapy and radiotherapy. Salvage surgery is then held in
reserve for residual or recurrent disease [2,5–7]. While chemother-
apy is mainly used in a concomitant setting with radiotherapy, in
selected cases it can also be applied as neoadjuvant treatment
[2]. There is increasing evidence that in some geographic regions
up to 80% of the oropharyngeal SCC is associated with the human
papillomavirus (HPV), especially in relatively young patients who
do not drink or smoke [8]. HPV-associated oropharyngeal SCC
has a different tumor biology and is associated with a better prog-
nosis than HPV-negative SCC [5–7]. Therefore it is proposed to de-
escalate treatment in HPV-associated oropharyngeal SCC in
patients who do not smoke.
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Nasopharyngeal carcinoma (NPC) takes a unique place in
epithelial HNC because of the very distinct geographical distribu-
tion ranging from 1:100.000 in Western Europe to >20:100.000
in parts of Southeast Asia [2,9]. Further it harbors an association
with the Epstein-Barr virus (EBV) which is not seen in other HNC
[9]. NPC has a different tumor biology as compared to other HNC.

Imaging is increasingly used for diagnosing and staging of HNC,
monitoring the effect of treatment and in the detection of distant
metastases and recurrent disease [10–12]. In this systematic
review we focus on the use of intravoxel incoherent motion (IVIM)
magnetic resonance imaging (MRI) for diagnosis in HNC.

In general, water diffusion is restricted in malignant tissue.
With diffusion-weighted imaging (DWI) this restricted diffusion
can be imaged and quantified. The main advantage of DWI com-
pared to other functional imaging techniques (e.g. dynamic
contrast-enhanced MRI and positron-emission tomography) is that
it requires neither the administration of contrast medium or
radioactive tracer nor the use of ionizing radiation.

One of the proposed methods to quantify diffusion is by consid-
ering diffusion as a mono-exponential phenomenon. In this way
diffusion can be quantified in an apparent diffusion coefficient
(ADC) [13]. The word ‘‘apparent” implicates that in this way true
diffusion is not measured. Especially at low b-values other param-
eters as blood volume and blood flow also contribute to the ADC
[14,15]. The ADC-concept provides a quantifiable measure with
promising results in HNC, e.g. in discriminating metastatic from
benign lymph nodes with an accuracy of >85% and in the detection
of recurrent disease with an accuracy of >78% [16].

The signal decay after the diffusion-encoding gradients is not
only caused by diffusion, but also by pseudorandom, or ‘‘incoher-
ent”, perfusion at the capillary level. To account for this, Le Bihan
et al. introduced the bi-exponential IVIM model [13,1]:

Sb
S0

¼ ð1� f Þ � eð�bDÞ þ f � eð�bD�Þ

where Sb represents the signal intensity with diffusion gradient b,
and S0 represents the signal intensity without diffusion gradients.
D is known as pure or slow diffusion coefficient which is related
to pure molecular diffusion. D⁄ is the fast or pseudodiffusion coef-
ficient that resembles the perfusion related incoherent microcircu-
lation and is about a factor of 10 greater than D in biological tissue
[13]. Finally, f is the perfusion or (micro) vascular volume fraction
which depends on capillary geometry and blood velocity [13]. In
this way pure tissue diffusion may be quantified and also perfusion
characteristics may be assessed without the admission of contrast-
material. Commonly D is first estimated using a linear fit using only
high b-values (i.e., above 200 s/mm2 [17]) and then f and D⁄ are cal-
culated using a non-linear least-squares algorithm.

With IVIM being increasingly used in HNC, a critical systematic
review of the diagnostic and prognostic value of this technique is
warranted. The purpose of this study was therefore to determine
the diagnostic and prognostic performance of IVIM in HNC.
Histopathology, other imaging modalities or clinical follow-up
were used as reference standards.
Methods and materials

The Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement for systematic reviews and
meta-analyses was used as a guidance [18].

Search strategy

This systematic search was conducted in Pubmed and Embase
until May 2016 for original articles on the diagnostic and/or prog-
nostic capability of IVIM in HNC. We did not apply language
restrictions. We approached corresponding authors for additional
data if necessary (e.g. to compute sensitivity and specificity). The
only included search terms were ‘‘(IVIM OR ((intra-voxel OR intra-
voxel) AND incoherent AND motion))” in order to be as sensitive as
possible. In the Pubmed search we used text words [tw] in the
absence of MeSH-terms on this subject.

Two authors (D.P.N. and R.M.M.) independently selected rele-
vant articles based on title and abstracts and discrepancies were
resolved by consensus.

The inclusion criteria were: (1) The study population consisted
of at least 10 patients with malignant lesions in the head and neck
area; (2) The study assessed diagnosing malignancy, response pre-
diction to therapy, detection of residual/recurrent disease. Or data
of these subjects could be extracted from the article; (3)
Histopathology, clinical follow-up or another imaging modality
was used as reference standard test.

Exclusion criteria were: (1) The publication was a review, meta-
analysis, only published as abstract or if it was another non-
primary publication (e.g. editorial, technical note); (2) The study
reported on (potentially) overlapping study populations.
Data extraction

Data on the study and patients characteristics, the imaging pro-
tocol and diagnostic outcomes were extracted by two independent
reviewers (D.P.N and R.M.M.) and discrepancies were resolved by
consensus. If available, source data (i.e. true positive [TP], false pos-
itive [FP], true negative [TN], and false negative [FN]) were
extracted or recalculated. If unavailable, the corresponding author
of the article was contacted to provide additional data.
Quality assessment

Two authors (D.P.N. and R.M.M.) independently assessed all
studies for study quality and discrepancies were resolved by con-
sensus. All included studies were assessed for quality by using
the QUality Assessment of studies of Diagnostic Accuracy included
in Systematic reviews (QUADAS-2) checklist [19]. The quality of
prognostic studies was also assessed with the QUality In Prognostic
Studies (QUIPS) checklist [20,21].
Statistical analysis

Diagnostic accuracy data is presented with 95% confidence
intervals (95%CI) if presented by the authors, or when we were able
to reconstruct a 2 � 2 table. Receiver operating characteristic (ROC)
analysis was performed if per-patient data could be extracted
using SPSS Statistics (version 20.0; Chicago, IL, USA). The Youden
Index (YI) was used to determine the optimal cut-off. P-values
were reported as NS (not statistically significant, i.e., P � 0.05),
�0.05, �0.01, �0.001.
Results

The search in Pubmed and Embase retrieved 429 unique stud-
ies. After excluding 383 studies on title or abstract we reviewed
the full text of 46 studies. Finally, 17 studies were included (10
diagnostic, 5 prognostic and 2 both) for qualitative analysis [22–
38] (Fig. 1). Due to heterogeneity in applied b-values, imaging pro-
tocols, outcome measurements and reference standards we
decided not to perform any quantitative meta-analysis.



Records iden�fied through database
searching

PubMed n= 337
Embase n= 383

Ar�cles eligible for inclusion
n= 46

Ar�cles included in qualita�ve 
synthesis

n=17

Exclusion based on �tle and/or abstract
n=384

Exclusion based on full text
n=29

Removal of duplicates
n= 290

Unique ar�cles
n=430

Reasons for full text exclusion:
•≤10 pa�ents with HNSCC in the study popula�on 
(n=18)
•The study does not assess the diagnos�c or 
prognos�c performance of IVIM (n=5)
•No reference standard of the outcome 
measurement (n=1)
•Review, meta-analysis or conference abstract (n=3)
•Poten�ally overlapping study popula�ons (n=2)

Fig. 1. Flow chart of study inclusion.
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Study characteristics

In total the selected studies included 882 patients [22–38]. The
most common included head and neck malignancies were
nasopharyngeal carcinoma (n = 417) and squamous cell carcinoma
at other sites (n = 220). Patient characteristics are mentioned in
Table 1. In 414 patients with NPC, mean values of D
(0.732 � 10�3 mm2/s), D⁄ (84.34 � 10�3 mm2/s) and f (18.5%) could
be extracted from the articles.

In SCC patients mean data were available for D (n = 160,
mean = 0.863�10�3 mm2/s), D⁄ (n = 82, mean = 32.51�10�3 mm2/s)
and f (n = 130, mean = 22.3%). These differences where significant
(P < 0.001 for D and D⁄ and P = 0.006 for f).

Imaging was performed at either 1.5 T (n = 9 studies) [22,29–
34,36,37] or 3 T (n = 8 studies) [23,25–28,36,38,24]. Diffusion-
weighted imaging was commonly performed with single-shot
spin-echo echo planar imaging (SS-SE-EPI) (n = 13) [23–30,32–
38]. In four of these studies the use of fat saturation is mentioned
with CHEmical Shift Selective (CHESS) [31], chemical shift-based
fat suppression [23] or Spectral Presaturation with Inversion
Recovery (SPIR) [27,28]. One study used short tau inversion recov-
ery EPI (STIR-EPI) [22] and another study used Half-fourier acqui-
sition single-shot turbo spin-echo (HASTE) [31]. Diffusion-
weighted imaging was acquired with a median of 10.5 b-values
(range, 3–17). The used b-values ranges were 0–800 s/mm2

(n = 7) [23,25,26,30,32,34,38], 0–850 s/mm2 (n = 1) [29] or 0–
1000 s/mm2 (n = 9) [22,27,28,31,33,35,36,24,37]. Inclusion of low
b-values (i.e. b < 200 s/mm2 [17]) is important for bi-exponential
fitting of the signal intensity over b. One study did only include
b = 0 s/mm2 as b-value below b = 200 s/mm2 [33]. Another study
did include 3 b-values below b = 200 s/mm2 [22]. The other studies
included a median of 7 b-values below b = 200 s/mm2 (range, 4–
11) [23,25–32,34–36,38]. The Levenberg-Marquardt algorithm
was most commonly used for signal fitting (n = 11) [25–28,31,3
4–36,38]. In 12 studies it was mentioned that a two-step-fit was
used with an estimation of D in the first step with D⁄ and f being
determined in the second step [23,24,30–34,37,38,26,35,36]. Med-
ian scan time was 4:51 min (range 01:30–12:00 min). An overview
of imaging characteristics is mentioned in Table 2.

Quality assessment

Results of QUADAS-2 and QUIPS are mentioned in Tables 3 and
4.

The QUADAS-2 yielded the following findings. There was a high
risk of a biased patient selection in 6 studies [22,24,26,27,29,32]. In
2 studies this was due to a case-control design [22,27]. In 6 studies
there were inappropriate exclusions [22,24,26,27,29,32]. For
example by classifying lymph node as benign or malignant based
only on imaging criteria, which may result in missing small lymph
node metastases [26]; by only including patients with lymph node
metastases when the primary tumor is assessed separately, while
patients with an N0 neck could have been included as well
[24,29]; or by only including patients of whom the tumor was
excised, while also including biopsy-proven malignancies would
have led to a larger patient population [32]. In none of the 10 stud-
ies where a threshold was used this was pre-specified, which may
result in an overestimation of diagnostic value [23,24,28,29,31,34–



Table 1
Patient characteristics.

Author,
year

Study
design

Included
patients

Mean
age
(SD,
range)

%
Male

Tumor type AJCC stage T stage N stage M stage Treatment Reference
standard

Dikaios
[22],
2014

. . . 40 58 (8,
43–
79)

. . . HNSCC . . . . . . Unilateral . . . . . . HP

Ding [23],
2015

PS 31 57a

(44–
78)

94 SCC: Tonsil (n = 16), Base of tongue
(n = 15)

III (n = 4),
IV (n = 27)

. . . N0 (n = 1),
N1 (n = 3),
N2 (n = 17)

. . . CRT RC

Hauser
[25],
2013

RS 22 55 (9,
34–
69)

73 SCC: Oropharynx (n = 15),
Hypopharynx (n = 4), Larynx
(n = 2), NPC (n = 1)

IV . . . N0 (n = 1),
N1 (n = 1),
N2
(n = 18),
N3 (n = 2)

. . . CRT RC + CE

Hauser
[26],
2014

RS 14 55 (8,
43–
69)

60 SCC: Oropharynx (n = 9),
Hypopharynx (n = 3), Larynx
(n = 3)

. . . . . . N+ . . . CRT RC + CE

Guo [24],
2016

RS 28 55
(18,
44–
72)

100 Hypopharynx III and IV . . . N2 and N3 M0 IC RC + HP

Lai [27],
2013

PS 83 52
(12–
90)

72 NPC, posttreatment fibrosis . . . T1 (n = 17),
T2 (n = 7),
T3 (n = 22),
T4 (n = 7)

. . . . . . CRT HP

Lai [28],
2014

PS 80 51
(14,
12–
90)

73 NPC I (n = 10),
II (n = 11),
III
(n = 44),
IV (n = 15)

T1 (n = 33),
T2 (n = 7),
T3 (n = 31),
T4 (n = 9)

N0
(n = 15),
N1
(n = 17),
N3 (n = 5)

M0
(n = 76),
M1
(n = 4)

. . . HP

Lu [29],
2013

RS 16 55
(38–
64)

94 SCC: Oropharynx (n = 11), Oral
cavity (n = 4), NPC (n = 1)

III (n = 1),
IV (n = 15)

. . . N+ . . . Surgery
(n = 2),
CRT
(n = 14)

HP

Marzi
[30],
2013

RS 37 57
(30–
76)

84 SCC: Oropharynx (n = 15), NPC
(n = 11), Hypopharynx/Larynx
(n = 8), Oral Cavity (n = 2),
Maxillary sinus (n = 1),

. . . T1 (n = 3),
T2 (n = 13),
T3 (n = 8),
T4 (n = 13)

N0 (n = 3),
N1 (n = 3),
N2
(n = 28),
N3 (n = 3)

. . . . . . HP

Sakamoto
[31],
2014

PS 33 59
(14–
89)

48 Basaloid SCC (n = 1), Carcinoma ex
pleomorphic adenoma (n = 1),
adenoid cystic carcinoma (n = 1),
SCC (n = 18), Verrucous carcinoma
(n = 2)

. . . . . . . . . . . . . . . HP

Sasaki
[32],
2014

RS 94 62
(15,
3–91)

60 Various benign and malignant
head and neck tumors

. . . . . . . . . . . . . . . HP

Sumi [33],
2012

RS 113 60
(21–
91)

55 Various benign and malignant
head and neck tumors

. . . . . . . . . . . . . . . HP

Sumi [34],
2012

PS 31 61
(21–
82)

52 SG: Benign (n = 20), Malignant
(n = 11)

. . . . . . . . . . . . Surgery HP

Xiao [35],
2015

PS 48 42a

(13–
65)

69 NPC III
(n = 19),
IV (n = 29)

T1 (n = 5),
T2 (n = 7),
T3 (n = 14),
T4 (n = 22)

N0 (n = 3),
N1 (n = 9),
N2
(n = 25),
N3 (n = 11)

M0
(n = 45),
M1
(n = 3)

NAC RC

Xiao-Ping
[36],
2015

PS 50 49
(11)

78 NPC III
(n = 12),
IV (n = 38)

T1 (n = 1),
T2 (n = 10),
T3 (n = 19),
T4 (n = 20)

N0 (n = 4),
N1 (n = 9),
N2
(n = 17),
N3 (n = 20)

M0
(n = 31),
M1
(n = 19)

NAC + (C)
RT

RC

Yu [37],
2016

RS 102 . . . . . . NPC (n = 80), Lymphoma (n = 22) . . . T1 (n = 8),
T2 (n = 29),
T3 (n = 19),
T4 (n = 26)

. . . . . . . . . HP

Zhang
[38],
2014

PS 60 51
(16–
69)

74 NPC . . . . . . . . . . . . . . . HP

Abbreviations: AJCC = American Joint Committee on Cancer; CE = clinical evaluation; CRT = chemoradiotherapy; HNSCC = head and neck squamous cell carcinoma;
HP = histopathology; IC = induction chemotherapy; NAC = neoadjuvant chemotherapy; NPC = nasopharyngeal carcinoma; PS = prospective; RC = RECIST; RS = retrospective;
RT = radiotherapy; SCC = squamous cell carcinoma; SG = salivary gland tumor.

a Median age.
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Table 2
Imaging characteristics.

Author,
year

Field
strength
(T)

Diffusion
sequence

TR/TE
(ms)

FOV (mm) Matrix Section thickness
(mm)

b-values IVIM fit IVIM
parameters

Scan
time

Dikaios
[22],
2014

1.5 STIR-EPI 8700/
88

200 128 � 128 4 0, 50, 100, 300, 600, 1000 MP, NR D, D*, f 06:10

Ding [23],
2015

3 SS-SE-EPI 3600/
100

256 128 � 128 3.5 0, 20, 40, 60,80, 100, 120, 150, 200,
400, 600, 800

BeF,
SLF,
NLLS

D, D*, f . . .

Guo [24],
2016

3 SS-SE-EPI 2500/
79

230 256 � 256 5 0, 10, 20, 30, 50, 70, 100, 150, 200,
400, 800, 1000

BeF
using
LMa

D, D*, f 05:08

Hauser
[25],
2013

3 SS-SE-EPI 1300/
50

240 80 � 80 3 0, 50, 100, 150, 200, 250, 700, 800 BeF
using
LMa

D, f 04:51

Hauser
[26],
2014

3 SS-SE-EPI 1300/
50

240 80 � 80 3 0, 50, 100, 150, 200, 250, 700, 800 BeF
using
LMa

D, f 04:51

Lai [27],
2013

3 SS-SE-EPI 7996/
43

230 256 � 256 3 0, 10, 20, 30, 40, 60, 100, 120, 160,
200, 300, 500, 1000

BeF
using
LMa

D, D*, f 12:00

Lai [28],
2014

3 SS-SE-EPI 7996/
43

230 256 � 256 3 0, 10, 20, 30, 40, 60, 100, 120, 160,
200, 300, 500, 1000

BeF
using
LMa

D, D*, f 12:00

Lu [29],
2013

1.5 SS-SE-EPI 4000/
90

200–220 128 � 128 6–8 0, 13, 17, 23, 30, 40, 53, 70, 92, 122,
161, 212, 280, 369, 488, 644, 850

BeF
using
NLLS

D, D*, f 04:00

Marzi [30],
2013

1.5 SS-SE-EPI 4500/
77

260–280 128 � 128 4 0, 25, 50, 75, 100, 150, 300, 500, 800 BeF D, D*, f,
fasym

06:13

Sakamoto
[31],
2014

1.5 HASTE-
DWI

3000/
101

230 � 173 192 � 144 4–5 0, 20, 40, 60, 80, 100, 150, 200, 500,
1000

BeF
using
LMa

D, D*, f 01:30

Sasaki
[32],
2014

1.5 SS-SE-EPI 1625/
81

200 112 � 90 4 0, 10, 20, 30, 50, 80, 100, 200, 300,
400, 800

Geo, LS D, D*, f, P 01:53

Sumi [33],
2012

1.5 SS-SE-EPI 4283/
87

200 112 � 90 4 0, 500, 1000 SIF D, PP 02:08

Sumi [34],
2012

1.5 SS-SE-EPI 1625/
81

200 112 � 90 4 0, 10, 20, 30, 50, 80, 100, 200, 300,
400, 800

BeF
using
LMa

D, D*, f 01:53

Xiao [35],
2015

3 SS-SE-EPI 4495/
69

230 256 � 256 5 0, 10, 20, 30, 40, 50, 100, 150, 200,
350, 500, 650, 800, 1000

BeF
using
LMa

D, D*, f 06:00

Xiao-Ping
[36],
2015

1.5 SS-SE-EPI 4225/
106

220 128 � 130 5 0, 50, 80, 100, 150, 200, 400, 600, 800,
1000

BeF
using
LMa

D, D*, f 02:53

Yu [37],
2016

1.5 SS-SE-EPI 4225/
106

220 128 � 130 5 0, 50, 80, 100, 150, 200, 400, 600, 800,
1000

BeF
using
LMa

D, D*, f . . .

Zhang
[38],
2014

3 SS-SE-EPI 3000/
58

240 128 � 128 4 0, 10, 20, 30, 50, 80, 100, 150, 200,
300, 400, 600, 800

BeF
using
LMa

D, D*, f 03:45

Abbreviations: BeF = bi-exponential fit; D* = pseudodiffusion coefficient; D = diffusion coefficient; f = perfusion factor; fasym = perfusion factor estimated using an asymptotic
method; Geo = geometric method; HASTE DWI = half-Fourier acquisition single-shot turbo spin-echo diffusion-weighted imaging; LMa = Levenberg Marquard algorithm;
LS = least squares method; MD = median model; MP = maximum probability model; NLLS = non-linear least-squares; NR = nonlinear regression model; P = perfusion
parameter that is heavily weighted towards extravascular space; PS = prospective; PP = perfusion-related parameter; RS = retrospective; SS-SE-EPI = single-shot spin-echo
echo planar imaging; SIF = simplified IVIM formula; STIR-EPI = short tau inversion recovery echo planar imaging; SLF = simplified linear fit.
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38]. In 2 studies the observers were not blinded to the reference
standard [29,30] and in 11 studies this was unclear [22,24–28,3
2–34,37,38]. In 5 studies imaging was used as reference standard
instead of histopathology [22,23,25,35,36]. The interval between
index test and reference standard was not mentioned in 10 studies
[22,27–34,36].

For the prognostic studies the assessment with QUIPS yielded
the following results. In 4 studies reasons for loss to follow-up
are mentioned without describing participants who were lost to
follow-up [23,25,26,36]. Xiao et al. excluded patients with insuffi-
cient follow-up images [35]. None of the included studies
attempted to correct for possible confounders [23–26,29,35,36].
Lu et al. used both parametric and non-parametric statistical tests
on the same data which raised concerns on the adequacy of the
statistical analysis [29]. In 3 studies we were unable to reconstruct
a two-by-two table based on the given sensitivity and specificity
[24,35,36].
Diagnostic study results

Study results are mentioned in Table 5 and Appendix B. In 9
studies the primary tumor was assessed separately [24,27,28,30–
32,34,37,38], in 2 studies lymph nodes were assessed separately
[22,28] and in 4 studies a combination of primary tumor and
lymph nodes was assessed [28,29,32,33].

Sasaki et al. [32] provided an appendix with per-patient IVIM
data. The authors used both the aforementioned IVIM formula



Table 3
Results of QUADAS-2 for bias assessment of all included studies: ‘U’ indicates a low risk of bias; ‘?’ an unclear risk and ‘x’ indicates a high risk of bias.

Risk of bias Applicability concerns

Patient selection Index test Reference standard Flow and timing Patient selection Index test Reference standard

Dikaios [22], 2014 x ? ? ? ? U U

Ding [23], 2015 ? x ? U U U U

Guo [24], 2016 x x U U U U U

Hauser [25], 2013 U ? ? x U U U

Hauser [26], 2014 x ? U x U U U

Lai [27], 2013 x ? U U x U U

Lai [28], 2014 U x U ? U U U

Lu [29], 2013 x x U U U U U

Marzi [30], 2013 ? x U x U U U

Sakamoto [31], 2014 ? x U ? U U U

Sasaki [32], 2014 x ? U U U U U

Sumi [33], 2012 ? ? U U U U U

Sumi [34], 2012 U x U U U U U

Xiao [35], 2015 U x ? U U U U

Xiao-Ping [36], 2015 U x ? U U U U

Yu [37], 2016 ? x U U U U U

Zhang [38], 2014 U x U U U U U

Table 4
QUIPS results for bias assessment of prognostic studies: ‘U’ indicates a low risk of bias; ‘?’ a moderate risk and ‘x’ indicates a high risk of bias.

1. Study
participation

2. Study
attrition

3. Prognostic factor
measurement

4. Outcome
measurement

5. Study
confounding

6. Statistical analysis and
reporting

Ding [23], 2015 U ? ? ? x U

Guo [24], 2016 x U ? ? x x
Hauser [25],

2013
U x ? x x ?

Hauser [26],
2014

x ? x ? x ?

Lu [29], 2013 U x ? x x x
Xiao [35], 2015 U ? ? ? x x
Xiao-Ping [36],

2015
U ? ? ? x x
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and an IVIM analysis based on a geometric method using only 3 b-
values:

GeoD ¼ ln S200 � ln S800ð Þ
600
Geof ¼ 1� Sinter
S0
GeoP ¼ ln S0 � ln Sinterð Þ
200

Sinter is the interception of the logarithmic regression line
obtained using b-values of 200 and 800 s/mm2 with the y-axis
[32]. Because the GeoP is fundamentally different than D⁄ the
authors used another symbol; GeoP is more weighted to the
extravascular space compared to D⁄ which is more weighted
towards the vascular space. Based on the data provided in the
appendix we used ROC analysis to determine the diagnostic accu-
racy of IVIM (with both methods) to discriminate SCC from lym-
phoma as these were the most prevalent malignancies in this
study [32]. Further we compared IVIM values between primary
SCC and SCC lymph node metastases from Sasaki et al. [32] to val-
idate the results of Lu et al. [29] of which the results will be dis-
cussed below.

The abilities of IVIM to differentiate between various benign
and malignant head and neck lesions were determined by five
studies [31–34,37]. Sakamoto et al. [31] found D to be the single
most valuable parameter with a sensitivity of 87% (95%CI, 66–
97%) and specificity of 80% (95%CI, 44–97%). When combining D
and D⁄ sensitivity and specificity increased to 91% (95%CI, 72–
99%) and 90% (95%CI, 56–100%) respectively. Included benign
lesions were mainly pleomorphic adenomas (4/10) and vascular
malformations (4/10) and malignant lesions were predominantly
SCCs (18/23). Yu et al. focused on differentiating between NPC
and lymphoma [37]. All IVIM values (D, D⁄ and f) were significantly
lower in lymphoma. The highest diagnostic accuracy was achieved
when D⁄ and f were combined with sensitivity and specificity
being 85% (95%CI, 76–92%) and 100% (95%CI, 83–100%), respec-
tively. These results are in line with Sumi et al. [33] who reported
that IVIM values (D and the perfusion-related parameter [PP]) dif-
fered significantly (P � 0.001) between six types of head and neck
lesions (lymphoma, SCC, malignant salivary gland (SG) tumor,
Warthin tumor, pleomorphic adenoma and schwannoma). Lym-
phomas had significantly lower D and PP values than SCC
(P � 0.001). Malignant SG tumor D was significantly lower than D
of pleomorphic adenoma and significantly higher than D of
Warthin tumors (P � 0.01). These results were verified in two other
studies [32,34]. In all three studies malignant SG tumors had inter-
mediate D and D⁄ values compared to Warthin tumors (lower val-
ues) and pleomorphic adenoma (higher values). The combined use
of D and D⁄ could separate malignant from benign SG tumors with
a sensitivity of 100% (95%CI, 54–100%) and a specificity of 94–100%
(95%CI, 71–100%) [32,34].

Marzi et al. [30] compared pretreatment IVIM values of differ-
ent SCC locations: nasopharynx (n = 11), oropharynx (n = 15) and
hypopharynx/larynx (n = 8). Both D (P � 0.01) and f (P � 0.05) were
significantly different between groups. D was highest in hypopha-
ryngeal/laryngeal SCC (Dmedian = 1.07 � 10�3 mm2/s) and lowest in
nasopharyngeal SCC (Dmedian = 0.83 � 10�3 mm2/s). For f, oropha-
ryngeal SCC had the highest values (fmedian = 22.5% vs < 18.6%)



Table 5
Diagnostic accuracy.

n Parameter Outcome measurement Cut-off Sensitivity
(95%CI)

Specificity
(95%CI)

AUC
(95%CI)

Primary tumor
Lai [27], 2013 83 D NPC PT vs posttreatment fibrosis 1.06 � 10�3 mm2/s 100 (93–100) 100 (88–100) 1.00 (1.00–1.00)
Lai [27], 2013 83 D* NPC PT vs posttreatment fibrosis 85.3 � 10�3 mm2/s 100 (93–100) 91 (76–98) 0.99 (0.97–1.00)
Lai [27], 2013 83 f NPC PT vs posttreatment fibrosis 0.13 66 (52–79) 100 (82–100) 0.89 (0.82–0.96)
Lai [28], 2014 80 D NPC T-stage: low vs high 0.76 � 10�3 mm2/s 83 (68–93) 53 (36–69) 0.65
Lai [28], 2014 80 f NPC T-stage: low vs high 0.13 81 (65–91) 93 (80–98) 0.90 (0.82–0.96)
Lai [28], 2014 80 D* NPC T-stage: low vs high 101.0 � 10�3 mm2/s 73 (57–86) 83 (67–93) 0.83
Sakamoto [31], 2014 33 D + D* Malignant vs benign . . . 91 (72–99) 90 (56–100) 0.96 (0.90–1.00)
Sakamoto [31], 2014 33 D Malignant vs benign 0.98 � 10�3 mm/s2 87 (66–97) 80 (44–97) 0.91 (0.81–1.00)
Sakamoto [31], 2014 33 f Malignant vs benign 0.19 74 (52–90) 50 (19–81) 0.52 (0.29–0.74)
Sakamoto [31], 2014 33 D* Malignant vs benign 8.42 � 10�3 mm2/s 61 (39–80) 90 (56–100) 0.75 (0.58–0.97)
Sasaki [32], 2014 35 Fit D SCC vs lymphoma 0.84 � 10�3 mm2/s 74 (56–87) 100 (74–100) 0.87 (0.77–0.97)
Sasaki [32], 2014 35 Geo D SCC vs lymphoma 0.87 � 10�3 mm2/s 74 (56–87) 100 (74–100) 0.87 (0.76–0.97)
Sasaki [32], 2014 35 Fit f SCC vs lymphoma 0.11 50 (32–68) 83 (52–98) 0.61 (0.45–0.78)
Sasaki [32], 2014 35 Geo P SCC vs lymphoma 0.57 � 10�3 mm2/s 50 (32–68) 83 (52–98) 0.61 (0.44–0.78)
Sasaki [32], 2014 35 Geo f SCC vs lymphoma 0.11 50 (32–68) 83 (52–98) 0.61 (0.44–0.78)
Sasaki [32], 2014 23 Geo D + Geo P SG malignant vs benign . . . 100 (54–100) 94 (71–100) . . .

Sasaki [32], 2014 23 Geo D + Geo f SG malignant vs benign . . . 100 (54–100) 94 (71–100) . . .

Sasaki [32], 2014 23 Fit D + Fit D* SG malignant vs benign . . . 100 (54–100) 94 (71–100) . . .

Sasaki [32], 2014 23 Fit D + Fit f SG malignant vs benign . . . 50 (12–88) 100 (80–100) . . .

Sasaki [32], 2014 23 Geo D4b + Geo P4b SG malignant vs benign . . . 83 (36–100) 88 (64–99) . . .

Sasaki [32], 2014 23 Geo D4b + Geo f4b SG malignant vs benign . . . 83 (36–100) 88 (64–99) . . .

Sumi [34], 2012 31 D* SG malignant vs benign 10 < D* < 23 � 10�3 mm2/s 73 (39–94) 65 (41–85) . . .

Sumi [34], 2012 31 D SG malignant vs benign 0.8 < D < 1.1 � 10�3 mm2/s 64 (31–89) 100 (83–100) . . .

Sumi [34], 2012 31 D + D* SG malignant vs benign . . . 100 (72–100) 100 (83–100) . . .

Sumi [34], 2012 31 D + f SG malignant vs benign . . . 82 (48–98) 100 (83–100) . . .

Sumi [34], 2012 31 D* + f SG malignant vs benign . . . 82 (48–98) 65 (41–85) . . .

Yu [37], 2016 102 D NPC vs lymphoma 0.66 � 10�3 mm2/s 55 (44–66) 100 (83–100) 0.80 (0.71–0.87)
Yu [37], 2016 102 D* NPC vs lymphoma 7.89 � 10�3 mm2/s 83 (73–90) 85 (62–97) 0.90
Yu [37], 2016 102 f NPC vs lymphoma 0.29 41 (31–53) 95 (75–100) 0.66 (0.54–0.74)
Yu [37], 2016 102 fD* NPC vs lymphoma 1.99 � 10�3 mm2/s 85 (76–92) 100 (83–100) 0.96 (0.90–0.99)
Zhang [38], 2014 60 D PT vs adenoid hypertrophy 0.75 � 10�3 mm2/s 83 65 0.85

Lymph node
Dikaios [22], 2014 40 mp-DWI SCC NR benign vs metastatic . . . 80 94 0.95 (0.80–1.00)
Dikaios [22], 2014 40 mp-DWI SCC NR benign vs metastatic . . . 80 88 0.92 (0.85–1.00)
Lai [28], 2014 80 D NPC N stage: low vs high 0.76 � 10�3 mm/s2 88 (75–95) 66 (48–82) 0.86 (0.76–0.93)
Lai [28], 2014 80 f NPC N stage: low vs high 0.15 85 (72–94) 61 (42–77) 0.69
Lai [28], 2014 80 D* NPC N stage: low vs high 103.9 � 10�3 mm2/s 71 (56–83) 55 (36–72) 0.63

Primary tumor + lymph node
Lai [28], 2014 80 D NPC low vs high AJCC stage 0.78 � 10�3 mm/s2 93 (84–98) 76 (53–92) 0.91 (0.83–0.97)
Lai [28], 2014 80 f NPC low vs high AJCC stage 0.15 88 (77–95) 86 (64–97) 0.87
Lai [28], 2014 80 D* NPC low vs high AJCC stage 100.4 � 10�3 mm2/s 48 (35–62) 90 (70–99) 0.72
Lu [29], 2013 16 f + D SCC PT vs LN . . . 63 (35–85) 81 (54–96) 0.76
Lu [29], 2013 16 f SCC PT vs LN 0.22 63 (35–85) 75 (48–93) 0.71
Lu [29], 2013 16 D* SCC PT vs LN 43.2 � 10�3 mm2/s 63 (35–85) 63 (35–85) 0.53
Lu [29], 2013 16 D SCC PT vs LN 0.80 � 10�3 mm2/s 56 (30–80) 94 (70–100) 0.74
Sasaki [32], 2014 34 Fit f SCC PT vs LN 0.06 100 (85–100) 27 (6–61) 0.62 (0.41–0.84)
Sasaki [32], 2014 34 Geo f SCC PT vs LN 0.05 96 (78–100) 27 (6–61) 0.53 (0.31–0.75)
Sasaki [32], 2014 34 Geo P SCC PT vs LN 0.26 � 10�3 mm2/s 96 (78–100) 27 (6–61) 0.53 (0.31–0.75)

Abbreviations: AJCC = American Joint Committee on Cancer; AUC = area under the curve; D* = pseudodiffusion coefficient; D = diffusion coefficient; D4b = diffusion coefficient
acquired with four b-values; f = perfusion factor; f4b = perfusion factor acquired with four b-values; Fit = least-squares method; Geo = geometric method; LN = lymph node;
mp-DWI = multiparametric analysis of diffusion-weighted imaging parameters; NPC = nasopharyngeal carcinoma; NR = nonlinear regression; P = perfusion parameter that is
heavily weighted towards extravascular space; P4b = perfusion parameter that is heavily weighted towards extravascular space acquired with four b-values; PT = primary
tumor; SCC = squamous cell carcinoma; SG = salivary gland tumors; 95%CI = 95% confidence interval.
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and also the largest range in values (frange = 12.6–32.7%). Nasopha-
ryngeal SCCs were the most homogeneous group (frange = 7.3–
16.7%).

Two studies assessed the difference of IVIM parameters
between primary SCC and lymph nodes. Lu et al. [29] showed that
lymph nodes have significantly higher D values (P � 0.001) and
lower f values (P � 0.001). These results could not be confirmed
by Sasaki et al. [32] who did not find any significant differences
between primary SCC and SCC lymph nodes. It should be noted
that in the first study included patients all had a primary tumor
and a lymph node metastasis; whereas in the second study it is
not specified whether primary tumors and lymph node metastasis
of the same patients were assessed.
The differentiation between malignant tumor and post-
chemoradiation fibrosis was assessed by Lai et al. [27] in a case-
control study including pre-treatment NPC and biopsy-confirmed
post-chemoradiation fibrosis. With D it was possible to separate
both with a sensitivity (95%CI, 93–100%) and specificity (95%CI,
88–100%) of 100%.

In another study by Lai et al. [28] NPC at different disease stages
were compared. For T stage, N stage and disease stage according to
the American Joint Committee on Cancer (AJCC), all IVIM parame-
ters (i.e., D, D⁄ and f) were significantly lower in the high stage
group than in the low stage group. For N staging and AJCC staging,
D had the highest diagnostic accuracy (AUC = 0.86 and 0.91,
respectively), while f had the highest AUC in T staging
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(AUC = 0.90). In multivariate analysis there was a non-significant
trend towards a higher AUC for the combined use of all IVIM
parameters.

Dikaios et al. [22] used a (conventional) non-linear (NR) and a
maximum probability (MP) model to estimate IVIM-parameters
for differentiating between benign and malignant lymph nodes.
No significant differences between models were found. Both f
and D⁄ were significantly different (P � 0.01) between benign
and malignant nodes while D was not.
Prognostic study results

Prognostic study results are mentioned in Table 6 and Appendix
C. In 5 studies the primary tumor was assessed [23–25,29,35,36]
separately, in 3 the lymph nodes were assessed separately
[23,26,35] and in one both were assessed simultaneously [23].

The value of IVIM in predicting response to neo-adjuvant
chemotherapy (NAC) in NPC was assessed by Xiao et al. [35] and
Xiao-Ping et al. [36]. In both studies pre-treatment D could signif-
icantly predict the response to NAC (P � 0.01) with a sensitivity
and specificity of 64–65% and 72–81%, respectively. In both studies
f was a weaker predictor than D, with only Df being a significant
predictor in the study of Xiao et al. (primary tumor: P � 0.05;
lymph node: P � 0.01) [35].

In the study of Xiao-Ping et al. sensitivity increased to 94% and
specificity was 77% when the difference in D before and after NAC
was used to assess the effect of NAC [36]. It should be noted that
pre-NAC D had a relatively high diagnostic accuracy in predicting
the presence of residual disease after CRT with a sensitivity of
82% and a specificity of 83%. Ding et al. performed IVIM before
and during CRT in HPV-positive primary HNSCC and found pre-
treatment D to differ significantly between responders and non-
responders [23]. Guo et al. found similar results in predicting treat-
ment response in NAC for hypopharyngeal SCC with D being the
Table 6
Prognostic accuracy.

n Follow-up Tumor type Parameter Ou
m

Primary tumor
Guo [24], 2016 28 3 weeks Hypopharynx

SCC
Pre-treatment D Re

Hauser [25], 2013 22 �7.5 months SCC/NPC Pre-treatment D Lo
tre
ou

Hauser [25], 2013 22 �7.5 months SCC/NPC Pre-treatment f Lo
tre
ou

Xiao [35], 2015 48 . . . NPC Pre-treatment D Re
Xiao-Ping [36], 2015 50 . . . NPC DDpre-post NAC Ef

Xiao-Ping [36], 2015 50 . . . NPC Pre-treatment D Re
CR

Xiao-Ping [36], 2015 50 . . . NPC Pre-treatment D Ef

Xiao-Ping [36], 2015 50 . . . NPC DDpre-post NAC Re
CR

Lymph node
Hauser [26], 2014 14 �13.5 months SCC Pre-treatment D Lo

tre
ou

Hauser [26], 2014 14 �13.5 months SCC Pre-treatment f Lo
tre
ou

Xiao [35], 2015 48 . . . NPC Pre-treatment D Re

Abbreviations: AUC = area under the curve; CRT = chemoradiotherapy; D = diffusion coe
geal carcinoma; SCC = squamous cell carcinoma; 95%CI = 95% confidence interval.

a The authors did not specify the interval between imaging and the assessment of res
b The authors considered treatment effective if patients exhibited a complete respons
strongest predictor with a sensitivity of 75% and specificity being
89% [24].

These findings are in contrast to Hauser et al. who performed
one study on primary tumors [25] and one on lymph nodes [26].
The patient population consisted of HNSCC patients receiving
CRT. In both studies pretreatment f discriminated best between
responders and non-responders (P � 0.01), whereas D was not
statically significant.

To conclude it should be noted that in only 1 of the prognostic
studies D⁄ differed statistically significantly between responders
and non-responders [24].
Discussion

In studies on patients with SG tumors, all IVIM values of malig-
nant SG tumors were between those of Warthin tumors and pleo-
morphic adenomas [32–34]. This demonstrates that diagnostic
accuracy of IVIM in distinguishing between malignant and benign
head and neck lesions depends strongly on the included tumor
types. With IVIM it was possible to reliably differentiate between
SCCs, lymphomas, malignant SG tumors, Warthin tumors and pleo-
morphic adenomas [31,33,34,37]. It should be noted that combin-
ing IVIM parameters often yielded a higher diagnostic accuracy
than using a single IVIM parameter [22,28,29,31,32,34,37]. Future
research should focus on finding the optimal combination of func-
tional imaging parameters, for example by combining IVIM with
dynamic contrast-enhanced MRI [39]. Preferably only lesions
should be included which are currently challenging to separate.

Detection of residual disease in irradiated tissue remains chal-
lenging [40]. A recent randomized trial did reveal that 18F-FDG-
PET/CT can reduce the need for investigations under anesthesia
after RT for laryngeal carcinoma without compromising treatment
quality [41]. Especially early after (chemo) radiotherapy inflamma-
tion may result in residual 18F-FDG uptake. Combined with a rela-
tcome
easurement

Cut-off Sensitivity
(95%CI)

Specificity
(95%CI)

AUC
(95%CI)

sponse to NAC 0.85 � 10�3 mm2/s 75 89 0.81

coregional
atment
tcome

. . . 83
(36–100)

81
(54–96)

0.79
(0.58–1.00)

coregional
atment
tcome

. . . 67
(22–96)

94
(70–100)

0.82
(0.62–1.00)

sponse to NAC 0.91 � 10�3 mm2/s 64 81 0.71
fect of NACb 26.3% 94 77 0.86

(0.72–1.00)
sidue after
Ta

0.73 � 10�3 mm2/s 82 83 0.84
(0.70–0.98)

fect of NACb 0.95 � 10�3 mm2/s 65 72 0.77
(0.61–0.92)

sidue after
Ta

25.0% 79 83 0.76
(0.59–0.92)

coregional
atment
tcome

. . . 100
(29–100)

55
(23–83)

0.71
(0.40–1.00)

coregional
atment
tcome

. . . 100
(29–100)

100
(72–100)

1.00
(1.00–1.00)

sponse to NAC 0.95 � 10�3 mm2/s 55 95 0.77

fficient; f = perfusion factor; NAC = neoadjuvant chemotherapy; NPC = nasopharyn-

idual disease after treatment.
e (CR) or partial response (PR) based on the RECIST criteria.
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tively low prevalence of residual disease this results in a relatively
poor positive predictive value (PPV) of PET-CT, which leaves room
for improvement [40]. Performing additional IVIM imaging may
enhance the PPV of 18F-FDG-PET/CT. Lai et al. [27] showed that pre-
treatment NPC could be separated from posttreatment fibrosis
with an accuracy of 100%. In practice residual tumor foci may be
hidden in fibrotic tissue and therefore may be more challenging
to detect. Further research should assess if the resolution of IVIM
imaging is appropriate to detect residual disease in the proximity
to fibrosis with a high diagnostic accuracy. In order to identify
the most optimal timing of IVIM imaging after irradiation more
research is necessary. Preferably by performing IVIM multiple
times during and after radiation therapy. Besides individual IVIM
values, it may also be valuable to look at D values between differ-
ent time points. In the studies included in this systematic review
follow-up was relatively short, with a maximum of 3 months
[23,24], in the studies where intra- or posttreatment imaging
was performed.

As shown by Marzi et al. [30] nasopharyngeal tumors have
lower D and f values than SCC at other locations. When we pooled
the results of the individual studies reporting mean values for D,
D⁄ and f, we could confirm the results of Marzi et al. This difference
in IVIM characteristics is another argument to include only one
tumor site in future studies, or at least to perform subgroup anal-
yses when both nasopharyngeal carcinoma and other HNSCC are
included.

In only one of the prognostic studies D⁄was significantly differ-
ent between responders and non-responders suggesting that this
parameter has the least potential to predict prognosis [24]. There
is less consensus on the prognostically most promising parameter.
In 4 studies D had the highest predictive value [23,24,35,36] and in
2 studies f was the strongest predictor of treatment outcome
[25,26].

A proposed hypothesis is that high f is associated with a higher
regional blood flow [42]. High regional blood flow may be indica-
tive of a high microvessel density which is associated with a higher
likelihood of both lymph node and distant metastases [43]. There-
fore high f could be an unfavorable prognostic factor for survival.

D appears to be inversely correlated with cell density [44,45].
Highly cellular tumors with rapidly dividing cells are more sensi-
tive to chemotherapy and radiotherapy and therefore associated
with a more favorable prognosis [23,24,35,36]. An increase in D
during therapy is therefore a sign of decreasing cellularity and a
good response to treatment [23,24,35,36].

Lai et al. [28] showed that IVIM values differed between disease
stages (AJCC, T stage and N stage). Tumors with a high cell turnover
with more cell division may result in a larger tumor with densely
packed cells resulting in both a higher disease stage and lower D
values. For more perfusion weighted parameters (D⁄ and f) it can
be hypothesized that larger tumors are more prone to intratumoral
necrosis due to lacking vascularization in the central portion of the
tumor and therefore lower D⁄ and f values. This is may have impli-
cations for future prognostic studies, because it warrants the need
for correcting for disease stage when assessing the prognostic
value of IVIM in HNC.

Imaging protocol

The optimal combination and number of b-values remains one
of the keys points which need to be addressed. Lemke et al. [46]
concluded that at least 10 b-values should be used for fitting the
IVIM signal in clinical settings in a simulation study on abdominal
IVIM imaging while assigning more weight to low b-values. Most
b-values should be in the low range (b = 0–100 s/mm2) with only
a few b-values of >450 s/mm2 are necessary [46]. This is in contrast
to the findings of Gurney-Champion et al. who found 7 b-values to
be enough for abdominal imaging and only 3 b-values if only the
liver is of interest in a study on 16 healthy volunteers [47].

In none of the included studies imaging was performed on both
a 1.5 T and 3 T MRI system on the same patients. Therefore we
could not determine whether the field strength matters for IVIM
in head and neck imaging. We do consider this to be an important
issue for further research. If 1.5 T and 3 T IVIM data prove to be
comparable this would create more opportunities for multicenter
research. In abdominal imaging there is some evidence suggesting
that D and f values of the liver are reproducible on both 1.5 T and
3 T, whereas D⁄ values are more variable [48]. However at this
moment DWI values are not considered to be robust enough to
be interchangeable between institutions, regardless of field
strength [49].

In the head and neck area Sasaki et al. compared the traditional
least-squares method requiring 11 b-values with a geometric
approach requiring only 3 b-values for differentiating between
tumor types [32]. Even though D values were significantly higher
and f values significantly lower with the geometric approach com-
pared to the least-squares method; diagnostic accuracy was com-
parable for differentiating SCC from lymphoma and
characterizing SG tumors.

We recommend to include at least 4 b-values below b = 200 s/
mm2 in order to appropriately fit estimated perfusion-related
parameters (i.e. D⁄, f, P and PP) until a proposed method which
requires fewer b-values is appropriately validated [46]. Two of
the included studies did not fulfill this criterion [22,33]. The
reported D⁄, f and PP values of these studies should therefore be
interpreted with caution.

Therefore future research should focus on the optimal combina-
tion of b-values as well as on the optimal model for determining
IVIM parameters. Especially for fitting D⁄ and f with IVIM it is
important that imaging is performed with a high signal-to-noise
ratio to avoid biased parameters [22]. Furthermore it should be
noted that the b-value represents the strength of the diffusion
pulse and is dependent of the used gradient pulse sequence, the
gradient pulse duration and the gradient strength [50]. It is there-
fore possible to create identical b-values with different imaging
parameters which may result in differences in ADC values [51].
More uniform definitions of b-values may improve comparability
between protocols.

D⁄ appears to be the least robust IVIM parameter with reported
mean D⁄ values of SCC ranging from 4 � 10�3 mm2/s to
49 � 10�3 mm2/s [22,24,29,32] and for NPC ranging from
18 � 10�3 mm2/s to 153 � 10�3 mm2/s [27,28,37,38].

Limitations

Even though this review provides an extensive overview of the
use of IVIM imaging in HNC, there are some limitations. Firstly, the
included studies were heterogeneous in applied b-values, imaging
protocols, tumor types and outcome measurements. This pre-
vented us from performing any meaningful meta-analysis. The dif-
ferences in selection and number of b-values in the lower range
may compromise the comparability of results. Secondly, the rela-
tively small population size comprised the analysis of confounders
in the prognostic studies. The outcome parameters, mainly in prog-
nostic studies, were also heterogeneous. It would be preferable if
all prognostic studies reported at least one uniform outcome mea-
surement. Even if this standard may not be a perfect gold standard,
for example the RECIST criteria [52]. Thirdly, most studies did not
correct for multiple testing which may overestimate the number of
significant findings. Given that most studies are relatively small
and that all can be regarded as positive studies it is likely that pub-
lication bias is present. Small studies with negative results may
have been regarded to be not interesting enough for publication.
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The heterogeneity of the included studies, especially in terms of
comparisons made and outcome measurements, made it impossi-
ble to perform statistical testing for the presence of publication
bias.

Conclusions

With this systematic review we provide an overview of studies
on IVIM in HNC. Studies are very heterogeneous in terms of applied
b-values, imaging protocols, outcome measurements and reference
standards. With combinations of IVIM-parameters SCC, lymphoma,
malignant SG tumors, Warthin tumors and pleiomorphic adenoma
can be reliably separated from each other. Low pre-treatment D
and f and an increase in D during treatment was associated with
a favorable response to treatment. D⁄ appears to be the parameter
with the lowest prognostic value. Future research should focus on
finding the optimal IVIM protocol. When assessing diagnostic and
prognostic properties of IVIM, authors should use uniformly
accepted study methods and larger patient populations.
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