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Advances in treatment for aggressive non-Hodgkin lym-
phoma (NHL), in particular the addition of rituximab, 

have increased survival (1), although overall 5-year mortal-
ity still remains around 30% (2). Early identification of 
patients not responding to therapy may enable treatment 
adaptation, potentially improving clinical outcome and 
reducing toxic effects from ineffective and costly drugs 
(3). End-of-treatment fluorine 18 (18F) fluorodeoxyglu-
cose (FDG) PET/CT is the established imaging method 
for response assessment in aggressive NHL and is regarded 
as a good predictor of treatment outcome (4,5). However, 
meta-analyses have indicated that end-of-treatment 18F-
FDG PET/CT and particularly interim 18F-FDG PET/
CT (after two to four cycles of treatment) may be unsatis-
factory for predicting outcome in various lymphoma types 
(6,7). A substantial portion of patients with a negative 

end-of-treatment 18F-FDG PET/CT finding will eventual-
ly develop tumor relapse during follow-up (8), and during 
treatment the rituximab-induced inflammatory response 
will render a substantial number of false-positive results at 
interim 18F-FDG PET/CT (9).

Diffusion-weighted (DW) MRI is routinely used in on-
cologic imaging to detect malignant processes and monitor 
treatment response on the basis of high b value appearance 
and apparent diffusion coefficient (ADC) changes. In lym-
phoma, previous preclinical and smaller clinical studies have 
shown that treatment-induced tumor cell death results in 
a detectable ADC increase after only 2 weeks of treatment 
(10,11). The immunotherapy-related inflammatory cell in-
flux is not a confounding factor for DW imaging, as ADC 
values in the context of inflammation demonstrate higher 
ADC values than tumor (12).
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Purpose:  To evaluate the prognostic utility of apparent diffusion coefficient (ADC) changes at whole-body diffusion-weighted (WB-
DW) MRI after one treatment cycle for aggressive non-Hodgkin lymphoma (NHL) compared with response assessment at interim and 
end-of-treatment fluorine 18 (18F) fluorodeoxyglucose (FDG) PET/CT.

Materials and Methods:  This was a secondary analysis of a prospective study (ClinicalTrials.gov identifier: NCT01231269) in which par-
ticipants with aggressive NHL were recruited between March 2011 and April 2015 and underwent WB-DW MRI before and after one 
cycle of immunochemotherapy. Volunteers were recruited for test-retest WB-DW MRI (ClinicalTrials.gov identifier: NCT01231282) 
to assess ADC measurement repeatability. Response assessment was based on ADC change after one treatment cycle at WB-DW MRI 
and Deauville criteria at 18F-FDG PET/CT. To evaluate prognostic factors of disease-free survival (DFS), Kaplan-Meier survival analy-
sis and univariable and multivariable Cox regression were performed; intraclass correlation coefficient (ICC) and mean difference with 
limits of agreement were calculated to determine inter- and intraobserver repeatability of ADC measurements.

Results:  Forty-five patients (mean age, 58 years 6 17 [standard deviation]; 31 men) and nine volunteers (mean age, 22 years 6 3; 
seven men) were enrolled. Median DFS was 48 months (range, 2–48 months). Outcome prediction accuracy was 86.7% (39 of 45), 
71.4% (30 of 42), and 73.8% (31 of 42) for WB-DW MRI and interim and end-of-treatment 18F-FDG PET/CT, respectively. WB-
DW MRI (hazard ratio [HR], 17.8; P , .001) and interim (HR, 5; P = .008) and end-of-treatment (HR, 4.3; P = .017) 18F-FDG 
PET/CT were prognostic of DFS. After multivariable analysis, WB-DW MRI remained an independent predictor of outcome (HR, 
26.8; P = .002). Intra- and interobserver agreement for ADC measurements were excellent (ICC = 0.85–0.99).

Conclusion:  Quantitative WB-DW MRI after only one cycle of immunochemotherapy predicts DFS in aggressive NHL and is noninfe-
rior to routinely performed interim and end-of-treatment 18F-FDG PET/CT.

Supplemental material is available for this article.
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the presence of a concurrent malignancy other than lymphoma. 
Patients underwent routine clinical examination, histopathologic 
work-up including the determination of prognostic tissue markers 
(19,20), and 18F-FDG PET/CT, allowing for Ann Arbor staging 
and calculation of the International Prognostic Index (IPI) score 
(21) to determine the final management plan. Enrolled patients 
were scheduled for a WB-DW MRI before treatment and after 
one cycle of immunochemotherapy (after 2 to 3 weeks, depending 
on the treatment regimen). Interim 18F-FDG PET/CT was per-
formed after two to four cycles of treatment depending on treat-
ment regimen, and end-of-treatment 18F-FDG PET/CT was per-
formed 6–8 weeks after the last cycle of immunochemotherapy.

An additional institutional review board–approved volunteer 
study (ClinicalTrials.gov: NCT01231282) was conducted to as-
sess the repeatability of ADC measurements. Between March 
and May 2011, any participant with no hematologic disease 
and/or malignancy in their medical history or at the time of 
scanning and no contraindications to MRI was eligible to un-
dergo two WB-DW MRI scans performed within a 10-week 
interval after written informed consent was obtained. Volunteers 
were recruited from among research team members, hospital 
staff, and university students.

Imaging Techniques

WB-DW MRI.— WB imaging covering the brain down to the 
proximal third of the upper legs was performed with a 3-T MRI 
system (Ingenia; Philips) with parallel radiofrequency transmission 
and phased-array head-neck and body coils. Scanning parameters 
are summarized in Table 1. Free-breathing short-tau inversion re-
covery WB-DW MRI was performed using two b values (b0 and 
b1000) in the axial plane, and multiplanar reformatted coronal 
WB images were generated automatically by the scanner software 
for each of the native b values and the ADC map with a section 
thickness of 5 mm. For anatomic reference, a coronal WB short-
tau inversion recovery fat-suppressed T2-weighted turbo spin-
echo sequence was performed, as well as a sagittal T1-weighted 
turbo spin-echo sequence covering the thoracolumbar spine. No 
intravenous contrast material was administered.

18F-FDG PET/CT.— Patients fasted for 6 hours prior to the 
18F-FDG PET/CT examination (Biograph 40 TruePoint 
with TrueV; Siemens Medical Solutions). Single-section, 
WB, spiral CT (40-section Siemens Sensation, 85 mAs, 
120 kV, section thickness 5 mm, collimation 24 3 1.2 mm, 
table feed 23 mm/rotation) was performed after intravenous 
injection of 120 mL of a contrast agent containing 300 mg 
iodine/mL (Omnipaque, Visipaque; GE Healthcare). PET/
CT images were acquired with free breathing 60 minutes 
after intravenous administration of 18F-FDG at an average dose 
of 302.6 MBq (range, 220–388 MBq). PET images were cor-
rected for attenuation using the CT data.

Image Analysis

Treatment response assessment.— In all patients, observer 1 
(K.N.D.P., senior radiology resident) segmented whole lesions 

Although whole-body (WB)–DW MRI for staging malignant 
lymphoma has been the focus of intense research, very few studies 
(10,11,13–17) have reported on its role for early response assess-
ment to treatment. The prespecified hypothesis of this study is that 
early treatment quantitative WB-DW MRI correlates with patient 
outcome and has a prognostic performance noninferior to existing 
prognostic parameters. Therefore, the aim of the study is to evalu-
ate the prognostic utility of ADC changes at WB-DW MRI after 
one treatment cycle for aggressive NHL compared with response 
assessment at interim and end-of-treatment 18F-FDG PET/CT.

Materials and Methods

Study Participants
This study was a secondary analysis of a single-center prospec-
tive study. Participants were enrolled from November 2011 to 
April 2015. Approval from the institutional review board was 
obtained, and written informed consent was given by all partic-
ipants prior to inclusion (ClinicalTrials.gov: NCT01231269). 
There is partial study participant overlap with a previously 
published study (18) as described in Appendix E1 (supple-
ment). Follow-up of patients was closed in January 2018.

All patients who were referred to our hospital with a new his-
topathologically proven diagnosis of aggressive NHL (at excisional 
and/or bone marrow biopsy) and scheduled for upfront immu-
nochemotherapy were eligible. Exclusion criteria were general 
contraindications for MRI (eg, claustrophobia or pacemaker) or 

Abbreviations
ADC = apparent diffusion coefficient, DFS = disease-free survival, 
FDG = fluorodeoxyglucose, GBC = germinative B cell, ICC = 
intraclass correlation coefficient, IPI = International Prognostic 
Index, NHL = non-Hodgkin lymphoma, WB-DW = whole-body 
diffusion weighted

Summary
Quantitative whole-body diffusion-weighted MRI performed before 
and after one cycle of immunochemotherapy using apparent diffu-
sion coefficient change was the single independent predictor of out-
come in patients with aggressive non-Hodgkin lymphoma compared 
with interim and end-of-treatment 18F fluorodeoxyglucose PET/CT.

Key Points
	n Quantitative whole-body diffusion-weighted (WB-DW) MRI 

after one cycle of treatment (P , .001) and interim (P = .008) 
and end-of-treatment fluorine 18 (18F) fluorodeoxyglucose (FDG) 
PET/CT (P = .02) were prognostic of outcome in contrast to 
prognostic clinical and histopathologic factors.

	n Quantitative WB-DW MRI using mean apparent diffusion coef-
ficient change between baseline and one cycle of immunochemo-
therapy for aggressive non-Hodgkin lymphoma attained a prog-
nostic accuracy of 86.7% (39 of 45), while interim 18F-FDG PET/
CT yielded 71.4% (30 of 42), and end-of-treatment 18F-FDG 
PET/CT yielded 73.8% (31 of 42).

	n Quantitative WB-DW MRI was the only independent predictor 
of disease-free progression (P , .002; hazard ratio 26.8).

Keywords
	n MR-Diffusion Weighted Imaging, Lymphoma, Oncology, Tumor 

Response, Whole-Body Imaging 
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nuclear medicine physicians, a senior 
resident (C.A.V.K.) and a board-certified 
physician with 10 years of experience 
(O.G.), who were aware of the diagnosis 
but blinded for clinical or other imaging 
data. All 18F-FDG–avid lesions were as-
sessed using the five-point scale Deauville 
criteria (Appendix E2 [supplement]).

Repeatability.— For the patient co-
hort, lesion delineations were repeated 
by observer 2 (G.M.A., junior radiol-
ogy resident) on the baseline scan of 
five randomly chosen participants. 
Regarding the volunteer cohort, ob-
server 1 delineated up to three whole 
lymph nodes per nodal region (Fig 
1, B) (inguinal, iliac, retroperitoneal, 
mesenteric, mediastinal, axillary, cer-
vical, and tonsils) on both baseline 
and repeat scan to assess intra-observer 
repeatability. In five randomly selected 
volunteers, observer 2 repeated the 
measurements on the baseline scan.

Patient outcome.— Complete remission was defined as the ab-
sence of disease clinically and at imaging after treatment until 
the end of follow-up. Unequivocal persistent posttreatment 
disease at imaging or pathologic examination was considered 
primary progressive disease. Recurrent disease was consistent 
with the development of any new lesion after initial post-
treatment complete response. Median follow-up time was 48 
months (range, 2–48 months).

Statistical Analysis
Statistical analysis was performed by K.N.D.P., senior radiol-
ogy resident, and F.D.K., senior computer science engineer, us-
ing SPSS 13.0 for Windows (SPSS). A P value less than .05 was 
considered statistically significant.

Treatment response assessment.— Per-lesion analysis was per-
formed to assess the behavior of nodal, bone, and extranodal le-
sions in patients with good (complete remission) and poor out-
come (progressive disease or recurrent disease) for the purpose of 
per-patient thresholding and treatment response analysis and is 
summarized in Table E1 (supplement). Being a highly chemosen-
sitive tumor type, it is expected that most lymphoma lesions show 
some treatment response. However, especially in poor responders, 
this response is heterogeneous, and it is key to identify the lesion 
that is most likely to be refractory to treatment, as this will deter-
mine final patient outcome. Therefore, for the per-patient analy-
sis, the least-responding lesion was selected for the three different 
tissue types, and receiver operator characteristic analysis was per-
formed with optimal (highest Youden index) cutoff for outcome 
stratification. Similarly, patients were stratified on the basis of the 
Deauville score at interim and end 18F-FDG PET/CT (1–3 [com-
plete remission = good outcome] vs 4–5 [partial response or stable 

on the baseline and interim scan in correlation with baseline 
18F-FDG PET/CT, blinded to all clinical data. Delineations were 
made on the DW images with b value of 1000 sec/mm2 (b1000 
images) using an in-house manufactured segmentation tool in 
MeVisLab (MeVis Medical Solutions). The application of a color-
coded scale on the basis of b1000 signal intensity and an adaptable 
threshold allowed for accurate node or lesion delineation exclud-
ing surrounding fat tissue or abutting structures. To detect tumor 
components refractory to treatment, thresholding was set to ex-
clusively select the most b1000-hyperintense (and presumed most 
hypercellular [22]) part of the tumor (Fig 1, A), excluding necrosis 
if present (Fig 1, B). Every lesion observed on the baseline scan was 
correlated on the follow-up scan. Lesions no longer identifiable on 
the interim scan were regarded as complete responders, and these 
lesions were excluded from further analysis. In addition, only le-
sions were included that could be reliably delineated on both scans 
depending on size and signal hyperintensity, as lesions that are too 
small or only faintly visible are at risk for (false-positive) low ADC 
values due to background noise measurement. The most hyper-
intense portion of a lesion would be selected on both scans, ren-
dering automatic three-dimensional delineations. No preset maxi-
mum number of lesions eligible for delineation was defined. For 
every delineation, the mean ADC was automatically calculated. 
The change of mean ADC after one cycle of immunochemo-
therapy (ADCratio1cycle) was calculated as follows: ADCratio1cycle 
= [(ADCI2ADCB)/ADCB] * 100, where ADCB represents the 
mean ADC on the baseline and ADCI its value on the interim 
scan. All patients had at least one lesion that could still be evalu-
ated after one cycle of treatment. Therefore, no patients had to be 
excluded from disease-free survival (DFS) analysis.

18F-FDG PET/CT images were assessed qualitatively without 
standard uptake value measurement and read in consensus by two 

Table 1: Whole-Body Diffusion-weighted MRI Protocols

Parameter DW MRI T2 T1

Acquisition plane Transverse Coronal Sagittal
Stack no. 4 3 2
Respiration Free breathing Respiratory gated Free breathing
Fat suppression STIR STIR none
b value (sec/mm2) 0/1000 N/A N/A
No. of sections 50 40 15
Section thickness (mm) 5 6 4
Section gap (mm) 0.1 0.6 0.4
Field of view (mm) 420 3 329 263 3 228–452 260 3 380
Voxel resolution (mm) 4.6 3 4.7 3 5 1.5 3 1.7 3 6 1.3 3 1 3 4
TR (msec) 8454 2324–9294 378
TI (msec) 250 200 N/A
TE (msec) 67 80 7
Total sequence time 15 min 21 sec 6 min 8 sec 4 min 24 sec
Multiplanar reformation Coronal N/A N/A

Note.—DW = diffusion weighted, STIR = short-tau inversion recovery, TE = echo time, TI 
= inversion time, TR = repetition time.

http://radiology-ic.rsna.org
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disease or progressive disease = poor outcome]); clinical IPI score 
(low–intermediate low [good] vs intermediate high–high [poor]); 
low vs high Ki-67 (cutoff based on literature for different NHL 
types [23]); and absence (good) versus presence (poor) of Bcl-2 
or non-germinative B-cell center (GBC)–histologic subtype. The 
primary outcome measure was DFS defined as the time between 
the start of therapy and the time of progressive disease and/or re-
current disease or the end of follow-up in case of complete remis-
sion. Overall survival analysis was not performed due to the small 
number of deaths not related to progressive disease. Kaplan-Meier 
survival analysis was performed with univariable and multivariable 
Cox proportional hazards regression for WB-DW MRI, interim 
and end 18F-FDG PET/CT, IPI score, and prognostic histopatho-
logic factors.

Repeatability.— Mean difference with limits of agreement and in-
traclass correlation coefficient (ICC) was calculated to determine 
intra- and interobserver repeatability and significant differences 
between ADC measurements.

Results

Study Participants
Of 69 initially enrolled patients, data of 45 patients (mean age, 
58 years 6 17; 31 men) were available for analysis. A total of 
24 patients were excluded because they either did not meet 
the eligibility criteria (n = 3), withdrew informed consent (n 

Figure 1:  A, Whole-body short-tau inversion-recovery (STIR) image in a 21-year-old female volunteer and overlay of a color-scaled diffusion-weighted image. A region-
growing segmentation tool with adaptable threshold allows for the identification of lymph nodes, such as the axillary nodes in this patient (arrow). B, Whole-body STIR image 
and color-scaled diffusion-weighted image overlay in a 50-year-old man with stage IV mantle cell lymphoma. The large mediastinal mass (arrow) was segmented using a 
high threshold to include only the most hyperintense component of the mass, excluding the central necrotic portion of the tumor (*). Also shown is a large solid retroperitoneal 
mass (arrowhead).

Figure 2:  Consolidated Standards of Reporting Trials diagram of patient in-
clusion. FDG = fluorodeoxyglucose, WB-DWI = whole-body diffusion-weighted 
imaging.

= 8), were lost on follow-up (n = 10), or cause of death was 
not due to progression (n = 3). Figure 2 shows the flowchart of 
participant inclusion. Patient characteristics are summarized in 
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nochemotherapy regimens depending 
on their tumor type (Appendix E3 
[supplement]). Thirty-two patients 
attained complete remission, five 
demonstrated progressive disease, and 
eight presented with disease recur-
rence. Second-line treatment (with 
palliative intent) was initiated in five 
patients, and one patient received ad-
ditional radiation therapy on the af-
fected nodal region; seven patients 
had salvage treatment. Ultimately, 
eight patients died due to disease pro-
gression. Nineteen volunteers were in-
cluded (mean age, 22 years 6 3; seven 
men) for the repeatability study.

Per-Patient Analysis for Treatment 
Response Assessment
The least-responding lesion was se-
lected per tissue type, and participants 
with a poor outcome were identified 
using the following tissue-specific cut-
offs: an ADCratio1cycle increase of less 
than 20.23% (area under the receiver 
operating characteristic curve [AUC], 
0.77 [95% CI: 0.61, 0.92]) for nodal 
disease, an ADCratio1cycle increase of 
more than 67.8% (AUC, 1.00 [95% 
CI: 1.00, 1.00]) for bone disease, and 
an ADCratio1cycle increase of less than 
36.1% for extranodal disease (AUC, 
0.75 [95% CI: 0.46, 1.00]). A patient 
showing a too low (nodal and extrano-
dal) or too high (bone) ADCratio1cycle 
increase would be categorized as poor 
outcome on the basis of these cutoffs.

Using this approach, WB-DW MRI 
outcome stratification was based on 
nodal disease in 32 patients, on nodal in 
combination with bone (n = 3) or extra-
nodal (n = 3) disease in six patients, on 
bone (n = 1) or extranodal (n = 4) dis-
ease only in five patients, and on all three 
tissue types in two patients. WB-DW 
MRI predicted treatment outcome at 
48 months correctly in 86.7% (39 of 45 
participants), compared with 71.4% (30 

of 42) on the basis of interim 18F-FDG PET/CT assessment and 
73.8% (31 of 42) on the basis of end-of-treatment 18F-FDG PET/
CT. Agreement between WB-DW MRI and interim 18F-FDG 
PET/CT was 66.7% (28 of 42), while WB-DW MRI agreed 
with end-of-treatment 18F-FDG PET/CT in 76.2% (32 of 42). 
Diagnostic accuracy per imaging technique and an overview of 
discrepancies are given in Table 3; patient examples of agreement 
and disagreement are shown in Figures 3 and 4.

Table 2, including the results of routinely determined clinical 
scores (IPI, n = 45) and histopathologic prognostic markers 
(Ki-67 [n = 40]; GBC vs non-GBC [n = 27]; and presence 
of Bcl-2 expression in B-cell lymphomas [n = 39]). Interim 
18F-FDG PET/CT was performed in 42 of 45 patients. No 
end-of-treatment 18F-FDG PET/CT was performed in three 
other participants due to severe deterioration of their clini-
cal condition. Participants were treated with different immu-

Table 2: Study Participant Characteristics

Parameter (n = 45) Value

Age (y) 58 6 17
No. of men 31 (69)
Ann Arbor stage
  I 5 (11)
  II 18 (40)
  III 7 (16)
  IV 15 (33)
Histologic finding
  DLBCL 31 (69)
  Primary mediastinal B-cell lymphoma 4 (9)
  Unclassifiable B-cell lymphoma 1 (2)
  Burkitt lymphoma 2 (4)
  Mantle cell lymphoma 4 (9)
  T-cell lymphoma 3 (7)
  Peripheral T-cell lymphoma 2 (4)
  Extranodal NK-TCL 1 (2)
Treatment response
  Complete remission 32 (71)
  Primary progressive disease 5 (11)
  Recurrent disease 8 (18)
No. of deaths 10 (22)
  Due to progressive disease 8 (18)
  Other causes 2 (4)
Immunohistochemical and histopathologic assessment*
  High Ki-67 (n = 40) 31 (78)
  Presence of Bcl-2 (n = 39) 33 (85)
  Presence of non-GBC subtype (n = 27) 14 (52)
International Prognostic Index score
  Low: 0 5 (11)
  Low: 1 17 (38)
  Low intermediate: 2 7 (16)
  High intermediate: 3 12 (27)
  High: 4 3 (7)
  High: 5 1 (2)

Note.—Age is shown as mean 6 standard deviation. For all other variables, data are shown 
as numbers, with percentages in parentheses. DLBCL = diffuse large B-cell lymphoma, GBC 
= germinative B-cell center, NK-TCL = natural killer T-cell lymphoma.
*The n indicates the number of samples that underwent further immunohistochemical or 
histopathologic assessment.

http://radiology-ic.rsna.org
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Cox univariable analysis (Table 4) showed that WB-DW 
MRI (P , .001) and interim (P = .008) and end 18F-FDG PET/
CT (P = .017) were correlated with outcome, while IPI score 
trended toward significance (P = .05). Subsequent multivariable 
analysis demonstrated WB-DW MRI as the only prognostic 
parameter (P = .002). Kaplan-Meier survival analysis curves of 
DFS for WB-DW MRI and interim and end 18F-FDG PET/CT 
are demonstrated in Figure 5.

Repeatability
For the volunteer cohort, an excellent intra- and interobserver 
ICC of 0.86 (95% CI: 0.81, 0.90) and 0.92 (95% CI: 0.89, 0.94), 
respectively, was found for ADC measurements. The mean differ-
ence between measurements was 2.46 3 1025 mm2/sec (limits of 
agreement: 235.4–40.3) for the intraobserver repeatability and 
0.050 3 1025 mm2/sec (limits of agreement: 22.92–3.02) for 
the interobserver repeatability. Similarly, an excellent ICC of 0.99 
(95% CI: 0.98, 0.99) was demonstrated for the interobserver re-
peatability in the patient cohort; the mean difference was 20.771 
3 1025 mm2/sec (limits of agreement: 22.40–0.86).

Discussion
The purpose of this study was to assess whether quantitative analy-
sis of WB-DW MRI might serve as an early prognostic imaging 
feature in aggressive NHL. Our results showed that the ADCratio-

1cycle of malignant lesions after only one cycle of treatment allowed 
for good prediction of patient outcome. Prognostic accuracy of 
quantitative WB-DW MRI proved noninferior to interim and 
end-of-treatment 18F-FDG PET/CT, attaining an accuracy of 
86.7% (39 of 45 patients) compared with 71.4% (30 of 42) for 
interim 18F-FDG PET/CT and 73.8% (31 of 42) for end-of-treat-
ment 18F-FDG PET/CT, which is currently the clinical standard.

Only a few small-sized studies have reported on the use of 
WB-DW MRI for early treatment assessment in lymphoma 
(10,11,13–17,24,25). Similar to the current study, quantitative 
WB-DW MRI was used to assess treatment response by means 
of mean ADC changes after 1 to 2 weeks of therapy. In concur-
rence with our results, all but one group found that nodal mean 
ADC increased in responding tumor lesions. A xenograft study 
of Huang et al (10) correlated this increase of mean ADC with a 
significant decrease in proliferating cell density and a higher frac-
tion of apoptotic cells. Our results are also in line with a pilot 
study (11) that showed that WB-DW MRI performed 2 weeks af-
ter therapy initiation was predictive of outcome, with responding 
lesions exhibiting a significantly higher ADC increase than non-
responding lesions. The vast majority of malignant lesions in our 
population were nodal, compared with a small number of bone 
lesions. Counterintuitively, bone lesions in patients with a poor 
outcome demonstrated a higher ADC increase than in those with 
a good outcome. However, it is known that ADC in bone marrow 

Table 3: Per-Patient Diagnostic Accuracy of WB-DW MRI, Interim, and End-of-Treatment 18F-FDG PET/CT with Overview 
of Discordance between Different Techniques

WB-DW MRI Interim 18F-FDG PET/CT End 18F-FDG PET/CT

Parameter Value (%) 95% CI Value (%) 95% CI Value (%) 95% CI

Accuracy 86.7 (39/45) (73.2, 95.0) 71.4 (30/42) (55.4, 84.3) 73.8 (31/42) (58,0, 86.1)
Sensitivity 84.6 (11/13) (54.6, 98.1) 69.2 (9/13) (38.6, 90.9) 45.5 (5/11) (16.8, 76.6)
Specificity 87.5 (28/32) (71.0, 96.5) 72.4 (21/29) (52.8, 87.3) 83.9 (26/31) (66.3, 94.6)
PPV 73.3 (11/15) (51.7, 87.6) 52.9 (9/17) (36.0, 69.2) 50.0 (5/10) (26.3, 73.7)
NPV 93.3 (28/30) (79.5, 98.1) 84.0 (21/25) (69.3, 92.4) 81.3 (26/32) (71.2, 88.4)
Discordant patients
  1 TP TP FN
  2 TN FP TN
  3 TP FN FN
  4 TP TP FN
  5 TP FN FN
  6 TN FP TN
  7 TP FN FN
  8 TP FN FN
  9 FN TP NA
  10 FP TN FP
  11 TN FP FP
  12 FN TP TP
  13 TN FP TN
  14 FP TN TN
  15 TN FP TN
  16 TN FP FP

Note.—FDG = fluorodeoxyglucose, FN = false-negative finding, FP = false-positive finding, NA = not applicable, NPV = negative predic-
tive value, PPV = positive predictive value, TN = true-negative finding, TP = true-positive finding.
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disease does not follow a linear pattern. Instead, ADC initially in-
creases to reach a plateau, after which ADC decreases inversely 
proportional to cellularity (26). This pattern is caused by changes 
in the fat to tumor cellularity ratio of bone marrow. We hypoth-
esize that in lesions with a good outcome, the normal fatty marrow 
has (partially) returned, reducing the ADC values, while in lesions 
with poor outcome, the bone marrow is still predominantly popu-
lated with tumor cells with no considerable normalization of the 
bone marrow. Therefore, in response to treatment, good and poor 
outcome lesions could be on different positions along this curve, 
with the former attaining ADC values similar to the ADC of less 
cellular bone marrow, while the poor outcome lesions are possibly 
still within the hypercellular spectrum.

Several studies on NHL (15) and other tumor types 
(27,28) reported on the inverse correlation between ADC as 

a measure for cellularity in WB-DW MRI and the standard 
uptake value as a measure of metabolic activity in 18F-FDG 
PET/CT, indicating an association between both imaging 
techniques. Corresponding with these findings, we found 
that quantitative WB-DW MRI agreed with interim and 
end-of-treatment 18F-FDG PET/CT in 66.7% and 72.1% 
of participants, respectively. Furthermore, the current study 
showed that WB-DW MRI was a better predictor of out-
come than both interim and end-of-treatment 18F-FDG 
PET/CT. As expected, a considerably higher number of 
false-positives results were found at the interim 18F-FDG 
PET/CT compared with quantitative WB-DW MRI, indi-
cated by a positive predictive value of 52.9% versus 73.3%, 
respectively. The role of interim 18F-FDG PET/CT in ag-
gressive NHL is controversial (29), as the inflammatory 

Figure 3:  Example of a 41-year-old woman with stage I primary mediastinal B-cell lymphoma. A, Mediastinal mass (arrow) with high fluorine 18 (18F) fluorodeoxyglu-
cose (FDG) uptake at 18F-FDG PET/CT (left), high b1000 signal at diffusion-weighted (DW) imaging (middle), and low signal on apparent diffusion coefficient (ADC) map 
(right). B, After 2 weeks, 18F-FDG uptake of the mass (arrow) was in keeping with good partial response. DW imaging shows decreased signal on the b1000 images and 
marked increase of ADC (from 1.02 to 1.80 × 1023 mm2/sec), confirmed on, C, the ADC histogram, indicating good outcome. D, End-of-treatment 18F-FDG PET/CT shows 
inflammatory changes (arrowhead), yet complete remission, which was maintained until the end of follow-up.
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response induced by immunotherapy causes nonspecific 
tracer uptake of 18F-FDG, resulting in a lower positive pre-
dictive value reportedly between 33% and 100% (4,9,30–
37). In contrast, previous studies, mostly in head and neck 
tumors (38,39), have demonstrated the ability of DW MRI 
to accurately differentiate treatment-induced inflammatory 
changes from residual or recurrent tumor. Currently, end-
of-treatment 18F-FDG PET/CT is the standard imaging 
tool to assess treatment response in aggressive NHL. In our 
cohort, end 18F-FDG PET/CT attained lower accuracy to 
predict outcome on a per-patient basis compared with WB-
DW MRI. This might have been due to metabolic depletion 
in small remnant lesions at the resolution limit of 18F-FDG 
PET/CT (40). Additionally, WB-DW MRI performed early 
during treatment has the advantage that most lesions are 
still visible, allowing for the identification of more resistant 
sites of disease, which may be no longer identifiable at the 
end of treatment.

The IPI score is a routinely used clinical tool for risk strati-
fication and prognosis prediction in aggressive NHL (41). 
Additionally, a non-GBC histopathologic subtype and the 
presence of immunohistochemical parameters such as Bcl-2 
or a high Ki-67 index have also shown to correlate with a 
worse outcome (17,18,38,39,42,43). Although IPI trended 
toward significance, histopathologic factors were not useful 
to predict patient outcome. This is probably due to the sam-
ple size being too small to reveal any significant results. Nev-
ertheless, our findings suggest that imaging features assessed 
at quantitative WB-DW MRI could be a more sensitive tool 
to predict patient prognosis.

This study had several limitations. First, quantitative WB-
DW MRI was highly predictive of outcome on the basis of 
assessment of nodal and bone lesion. However, early treatment 
response assessment of extranodal disease was less accurate and 
may be challenging in a small number of patients presenting 
with extranodal disease only. Second, analysis was secondary 

Figure 4:  Example of a 59-year-old male patient with stage IV diffuse large B-cell lymphoma with recurrent disease. A, At baseline, fluorine 18 (18F) fluorodeoxyglucose 
(FDG) PET/CT (left), b1000 diffusion-weighted (DW) imaging (middle), and corresponding apparent diffusion coefficient (ADC) map (right) demonstrate involvement of right 
cervical lymph nodes (arrow). B, After 3 weeks of therapy, the 18F-FDG PET/CT scan was negative to disease, but at DW imaging the nodes (arrow) still show high b1000 
signal intensity and low ADC. C, Although the ADC-derived histogram shows a marked volume decrease, there is also a decrease in ADCmean (from 1.16 to 1.07 × 1023 
mm2/sec), rendering this a poor outcome. D, End 18F-FDG PET/CT still shows complete remission. E, After 20 months, a follow-up 18F-FDG PET/CT shows recurrent disease 
in multiple lymph node regions above and below the diaphragm.
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after prospective participant inclusion, and calculated ADCra-
tio1cycle cutoff values are optimal thresholds for this data set and 
likely to be overfitted. As such, accuracy might therefore be 
higher than in subsequent larger scale studies. In addition, the 
quantitative analysis is time-consuming, with segmentations 
and calculations taking up approximately 20 minutes per pa-
tient, and more intuitive and ideally automated measurements 
are needed to allow for its use in clinical practice. Future stud-
ies should also aim to find means of standardizing ADC mea-
surements, potentially in combination with qualitative criteria, 
similar to standard uptake value in 18F-FDG PET/CT, to allow 

for reliable and faster assessments. Finally, our study popula-
tion was quite small, inherently related to the single-center 
study design, and larger—preferably multicenter—studies are 
needed to confirm our results. However, we believe that our 
results provide a firm base to initiate future prospective valida-
tion studies of this kind.

In conclusion, assessment of ADC changes at quantitative 
WB-DW MRI performed after one treatment cycle in ag-
gressive NHL was the only independent predictor of patient 
outcome, with a prognostic performance demonstrated to be 
noninferior to interim or end-of-treatment 18F-FDG PET/
CT. Pending further validation in larger-scaled multicenter 
studies, WB-DW MRI may be a promising radiation-free 
imaging feature allowing for early outcome stratification in 
patients with aggressive NHL.
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