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Abstract
Background and purpose: The clinico- radiological paradox in multiple sclerosis (MS) is 
well recognized, relevant and yet poorly understood. The suitability of an in vivo model 
for the clinico- radiological paradox was tested, using internuclear ophthalmoplegia (INO) 
and the medial longitudinal fasciculus (MLF).
Methods: In this cross- sectional study lesions of the MLF were rated by an experienced 
MS neuroradiologist blinded to all other information. The presence of an INO was objec-
tively determined by a validated infrared oculography protocol (DEMoNS). Clinical infor-
mation, including the National Eye Institute Visual Function Questionnaire, was obtained.
Results: This study included 202 patients with MS. The clinico- radiological paradox oc-
curred in 50 patients (25%). This consisted of 45 patients having an INO without an MLF 
lesion and five patients with an MLF lesion but without an INO. The visual function over-
all score was related to the presence of an INO (p = 0.016), but not to MLF lesions seen 
on magnetic resonance imaging (MRI) (p = 0.207). A consensus list of potential causes for 
the clinico- radiological paradox was compiled and the MRI images were deposited in a 
repository.
Conclusion: This study provides an objective and quantitative model to investigate the 
clinico- radiological paradox. Our data suggest that pathology of the MLF is more fre-
quently detected and more clinically relevant by infrared oculography than by MLF lesion 
rating on MRI.
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INTRODUC TION

The clinico- radiological paradox has been defined as a mismatch 
between visible lesions on magnetic resonance imaging (MRI) scans 
from patients with multiple sclerosis (MS) and clinical disability [1,2]. 
Essentially, there exist two versions of the clinico- radiological par-
adox. The first possibility for a clinico- radiological paradox arises 
from more MRI lesions than expected from the clinical assessment. 
Amongst other factors this may be explained by cortical plasticity 
[3,4]. The second possibility for a clinico- radiological paradox is that 
there are fewer MRI lesions than expected from the clinical assess-
ment. This could be explained by sub visible white matter pathology 
or lack of sufficient use of the multimodal imaging capacities MRI 
provided [5,6].

The size of the problem has recently been updated in a meta- 
analysis [5]. Of 50 studies identified, 32 were included. The studies 
were published between 1987 and 2014 and were based on cogni-
tive and MRI data from 2050 patients. A key point from this analysis 
was that there are substantial differences in the methodologies ap-
plied and standardization is relevant for future research on the topic 
[5]. This also applies for spinal cord pathology [2]. One important 
limitation to all of these studies is that composite clinical scales or 
cognitive function tests are used which inevitably result in multiple 
possibilities for MS lesion location and involvement of cortical net-
works capable of plasticity.

There is a need to overcome these limitations to appropriately 
investigate a fundamental problem in MS research [2,5]. It was rea-
soned that this may be achieved by the use of a well- defined model 
with a unique identifiable lesion location and an accurately quanti-
fiable clinical deficit. For this reason internuclear ophthalmoplegia 
(INO), a common eye movement disorder in MS, was chosen [7– 10]. 
Whilst an INO is difficult to detect with a clinical examination and 
easily missed, an INO can be detected and quantified very accurately 
with infrared oculography [10– 13]. Anatomically the unique lesion lo-
cation is the medial longitudinal fasciculus (MLF), a pair of short white 
matter tracts in the periventricular brainstem (Figure S1). Pathological 
studies [14– 17] have confirmed the sharp anatomical relationship be-
tween the presence of ipsilateral MLF involvement and INO: a left 
sided lesion results in an INO during a rightward saccade (in which 
the left eye is delayed) and vice versa. Therefore, the aim of this study 
was to investigate if the INO- MLF model will permit us to investigate 
both aspects of the clinico- radiological paradox. To prevent informa-
tion bias, a blinded MLF rating in an unselected cohort was required. 
Next the well- defined cases of a clinico- radiological paradox were in-
terrogated for identification of relevant factors and future research.

METHODS

Study design and patient population

This study (study number 2015.227) was approved by the Medical 
Ethical Committee on Human Research of the Amsterdam University 

Medical Center. Written informed consent was obtained from all 
participants prior to inclusion.

For this observational cross- sectional study, MS patients and 
healthy controls (HCs) were included from the Amsterdam MS co-
hort, an ongoing observational cohort of the Amsterdam University 
Medical Center [18– 20]. The HC group was only used for the INO 
detection method [10] and comparison of eye movement values. Eye 
movement results on saccadic and fixational abnormalities of this 
cohort were previously reported [10,21]. Participants were at least 
18 years of age. All MS patients had to fulfil clinical and radiologi-
cal criteria for a diagnosis of clinically definite MS [22]. The disease 
course was described as relapsing– remitting, secondary progressive 
or primary progressive [23]. Inclusion and exclusion criteria were as 
described before [10,18– 20].

Clinical and ophthalmological assessment

All assessments (clinical, infrared oculography and MRI) were per-
formed in the same sequence on the same day.

The disease duration was calculated in years from the first MS 
symptom. The Expanded Disability Status Scale (EDSS) score [24] 
was determined by a certified examiner to assess the level of dis-
ability. History of symptomatic MS associated optic neuritis was 
based on a consensus protocol [25]. Visual acuity (high and low 
contrast) was assessed using Sloan letter charts (100% and 2.5%, 
respectively) [26]. Spectral- domain optical coherence tomography 
(Spectralis, Heidelberg Engineering) was performed in all subjects 
as described previously, including quality control criteria [27,28]. 
Global peri- papillary retinal nerve fibre layer thickness and mac-
ular ganglion cell and inner plexiform layer thickness of both eyes 
were obtained. The vision- related quality of life was assessed with 
the National Eye Institute Visual Function Questionnaire (NEI- 
VFQ- 25) [29,30]. In addition, a published in- house questionnaire 
for complaints specific to problems with eye movements was in-
cluded [10]. This questionnaire records complaints of double vi-
sion, blurred vision, focusing problems, oscillopsia and changing 
lines whilst reading [10].

Infrared oculography

Eye movements were recorded and analysed using the vali-
dated DEMoNS protocol [11]. In brief, the Eyelink 100 Plus eye 
tracker was used for measuring eye movements at a frequency 
of 1000 Hz. Participants were seated in front of a display moni-
tor and, after a nine- point calibration and validation procedure, 
they had to follow instructions for several different fixational 
and saccadic tasks [11]. For this study, the pro- saccadic task 
was used. This task includes 60 saccades from the centre of the 
screen to an eccentric location 8° or 15° of visual angle left or 
right from the centre. The presence of an INO was based on a 
systematic assessment of two versional dysconjugacy index 
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(VDI) parameters in HC and MS patients as described previously 
[10]. The VDI describes the ratio of the abducting eye to the ad-
ducting eye. In brief, these were the VDI area under the curve 
(AUC) of the saccadic trajectory and the VDI peak velocity di-
vided by amplitude (Pv/Am) of 15° saccades. All MS patients who 
exceeded either the VDI AUC (1.174) threshold or the VDI Pv/
Am (1.180) threshold were recorded as having an INO. Each INO 
case was further classified into unilateral leftward, unilateral 
rightward or bilateral [10].

Magnetic resonance imaging acquisition and 
MLF rating

Magnetic resonance imaging was acquired with a 3 T whole body 
scanner (GE Signa, HDx T) using an eight- channel phased- array coil. 
T2 and proton density weighted images were analysed by a special-
ist MS neuroradiologist (ES) who was blinded to the INO detection. 
MRI images were systematically reviewed for MLF lesions. In the 
case of doubtful MLF lesions, consensus was achieved with a sec-
ond reviewer (AP), also blinded for the INO detection. As a post hoc 
analysis, all cases with a clinico- radiological paradox were inspected 
again, to identify possible causes for the discrepancy between pres-
ence of INO and MLF lesions.

The MRI images of the cases with a clinico- radiological para-
dox are available for inspection via a data repository (https://doi.
org/10.17026/ dans- zc3- ttru).

Statistical analyses

All analyses were performed in Stata (StataCorp. 2015, Stata 
Statistical Software: Release 14, StataCorp LP). Data were reviewed 
visually and statistically for normality. Descriptive statistics were 
provided for the entire cohort and also for the predefined subgroups 
with a clinico- radiological paradox.

The frequency distributions of INO detection with infrared ocu-
lography and MLF lesions on MRI were compared in a 2 × 2 contin-
gency table. Independent t tests (Gaussian data) and non- parametric 
tests (non- Gaussian data) were used for the comparison of charac-
teristics between patients with and without a clinico- radiological 
paradox. The chi- squared test was used for categorical data. Linear 
and logistic regression analyses were used for comparing clinical 
characteristics between INO and non- INO patients and between 
MS patients with and without an MLF lesion, adjusted for age and 
sex. p values lower than 0.05 were regarded as significant.

RESULTS

Study population

In total, 226 MS patients and 61 HCs were recruited to this study. 
Of these, 16 MS patients and three HCs had to be excluded based 
on the quality control of the eye movement data [10,11] and eight 
MS patients because no MRI data were available. The demographic 

MS patients
Healthy 
controls p value

All
N = 202

Paradox
N = 50

No paradox
N = 152 N = 58

Paradox vs. 
non- paradox

Sex (N, female) 136 (67%) 28 (56%) 108 (71%) 31 (53%) 0.049

Age (years) 54.2 (±10.8) 58.0 (±1.2) 53.0 (±0.9) 52.4 (±9.1) 0.005

Disease duration 
(years)

20.9 (±8.5) 25.2 (±1.3) 19.5 (±0.6) NA <0.001

EDSS (median, IQR, 
total range)

3.5 (2.8,  
0.0– 8.5)

4.0 (3.0) 3.5 (2.0) NA 0.022

Disease type

RRMS (N) 127 (63%) 23 (46%) 104 (68%) NA

SPMS (N) 53 (26%) 21 (42%) 32 (21%) NA 0.008

PPMS (N) 17 (8%) 6 (12%) 11 (7%) NA

Unclassifiable 5 (2%) 0 (0%) 5 (3%) NA

HCVA (best eye)a  56.4 (±7.0) 54.9 (±6.1) 56.9 (±7.2) NA 0.092

LCVA (best eye)b  30.9 (±12.1) 29.6 (±13.7) 31.3 (±11.6) NA 0.457

Optic neuritis (N)c  91 (49%) 27 (57%) 64 (46%) NA 0.176

Abbreviations: EDSS, Expanded Disability Status Scale score; HCVA, high- contrast visual acuity; 
IQR, interquartile range; LCVA, low- contrast visual acuity; MS, multiple sclerosis; N, number; NA, 
not applicable; PP, primary progressive; RR, relapsing– remitting; SP, secondary progressive.
aHCVA data missing for 15 patients. 
bLCVA data missing for 54 patients. 
cConclusive evidence on optic neuritis missing for 16 patients. 

TABLE  1 Demographic and clinical 
characteristics of the healthy controls and 
MS patients

https://doi.org/10.17026/dans-zc3-ttru
https://doi.org/10.17026/dans-zc3-ttru
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and clinical characteristics of the included participants are sum-
marized in Table 1. Patients had a mean disease duration of 20.9 
(±8.5) years and the majority (63%) had a relapsing– remitting dis-
ease course.

Internuclear ophthalmoplegia and MLF lesions

Of the total 202 MS patients who were included, 66 (33%) had an 
INO detected with infrared oculography. An MLF lesion was found 
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in 26 (13%) patients. In Figure 1, examples of different types of MRI 
lesions and corresponding recordings with infrared oculography are 
shown.

In Table 2 the frequency distribution is shown of the relation-
ship between INO detection and MLF lesions. In summary, 50 
(25%) patients showed a clinico- radiological paradox. The majority 
of this group (n = 45) consisted of patients having an INO without 
an MLF lesion. In the subgroup (n = 26) of patients with an MLF 
lesion, 21 (81%) showed an INO with infrared oculography. The 
majority (n = 15, 71%) of these INOs was bilateral. Of the six uni-
lateral INOs with an MLF lesion, five (83%) showed a lesion that 
was restricted to the involved side and one showed a bilateral MLF 
lesion.

In Table 1 the patients with a mismatch between INO and MRI 
findings (paradox cases) and with congruent INO and MRI findings 
(non- paradox cases) were compared. The paradox MS cases had a 
significantly older age, higher disease duration and EDSS and more 
frequently a progressive disease course. The post hoc inspection of 
MRI images of the paradox cases revealed multiple hypotheses on 
the underlying contributing factors of the clinico- radiological par-
adox (Table 3).

Versional dysconjugacy index distribution

In Figure 2 the distributions of both the VDI AUC and VDI Pv/Am are 
shown for the HC group, the MS subgroup without an MLF lesion 
and the MS subgroup with an MLF lesion. The VDI values were sig-
nificantly higher in the subgroup with an MLF lesion than in the sub-
group without an MLF lesion. The VDI values of both MS subgroups 
were significantly higher than in the HC group. When investigating 
the subgroup of MS patients with an INO detected with infrared 
oculography, the patients with an MLF lesion showed a mean VDI 
AUC of 1.42 (±0.03) and a mean VDI Pv/Am of 1.80 (±0.09). Both 
were significantly higher (p < 0.001) than in patients without an MLF 
lesion; this group showed a mean VDI AUC of 1.22 (±0.03) and a 
mean VDI Pv/Am of 1.27 (±0.04).

Comparisons of clinical characteristics

In Table 4, clinical characteristics are compared between (i) the sub-
groups of MS patients with and without an INO detected with in-
frared oculography and (ii) the subgroups of MS patients with and 
without an MLF lesion on MRI. Disease duration was significantly 
higher in the subgroup with an INO compared to the group without 
an INO (β = 4.0 years, p = 0.001). EDSS score was higher in both the 
subgroup with an INO (difference in median 1.0, p = 0.008) and the 
subgroup with an MLF lesion (difference in median 1.3, p = 0.002). 
When looking at the overall score of the vision- related quality of life 
questionnaire, a significantly lower score was found in the subgroup 
with an INO compared to the subgroup without an INO (difference 
in median 1.9, p = 0.016). In addition, complaints of double vision and 
difficulties with visual focusing were more frequently found in the 
subgroup of patients with an INO, but not in the subgroup with an 
MLF lesion (see Table 4).

F IGURE  1 Examples of medial longitudinal fasciculus (MLF) lesions and recordings with infrared oculography. MLF lesions (arrow) on 
MRI with corresponding recordings of the patient of a rightward (left graph) and a leftward (right graph) saccade measured with infrared 
oculography. The X- axis represent the time in milliseconds (ms), the Y- axis the horizontal eye position in degrees (deg) of visual angle. The 
blue line represents the right eye, the red line represents the left eye. VDI values mentioned below represent mean VDI area under the curve 
(AUC) values of 15° saccades. (a) A clearly visible bilateral MLF lesion was found in the brainstem. This patient showed an evident bilateral 
INO, with a VDI AUC of 1.90 for rightward saccades and 1.53 for leftward saccades. (b) A large lesion was found in the right pons, with MLF 
involvement. This patient showed a leftward INO, with a VDI AUC of 1.10 for rightward saccades and 1.25 for leftward saccades. (c) A bilateral 
lesion was found in the lower pons to upper medulla oblongata, with MLF involvement. Based on the detection criteria, a mild bilateral INO 
was found. The leftward INO is not clearly visible on visual inspection of the recordings (right graph) and was only just above the threshold 
of detection with the VDI PvAm, not with the VDI AUC. The VDI AUC was 1.26 for rightward saccades and 1.12 for leftward saccades. (d) A 
clear right sided MLF lesion was found in the mid pons. This patient had a leftward INO, with a VDI AUC of 0.93 for rightward saccades and 
1.32 for leftward saccades. (e) A bilateral MLF lesion was found in the lower pons. This patient demonstrated only a leftward INO, with a VDI 
AUC of 1.14 for rightward saccades and 1.20 for leftward saccades. (f) A lesion in the lower pons rated as left sided MLF lesion was found. 
In this patient there was no INO with infrared oculography measurement (VDI AUC of 1.05 for rightward saccades and 1.06 for leftward 
saccades). In retrospect, the lateral location of the lesion may just bypass the MLF. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE  2 INO detected with infrared oculography compared to 
MLF lesion on MRI

MLF lesion Total

Yes No

INO 
detected

Yes Number 21 45 66

% within MLF lesion 80.8% 25.6%

% within INO detected 31.8% 68.2%

No Number 5 131 136

% within MLF lesion 19.2% 74.4%

% within INO detected 3.7% 96.3%

Total Number 26 176 202

Note: The percentages accompanying the number of patients indicate 
either the percentage of the number in the corresponding column (MLF 
lesion yes or no) or the percentage of the number in the corresponding 
row (INO detected yes or no).
Abbreviations: INO, internuclear ophthalmoplegia; MLF, medial 
longitudinal fasciculus; MRI, magnetic resonance imaging.

www.wileyonlinelibrary.com
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DISCUSSION

To the best of our knowledge, this is the first study that investigated 
MLF lesions in an unselected group of MS patients in a blinded man-
ner. The clinico- radiological paradox was observed in 50 (25%) cases, 
mainly caused by an absence of MLF lesions in 45 INO MS patients. 
This might suggest that the pathology of the MLF is more frequently 
identified by INO detection with infrared oculography than by MLF 
rating on MRI.

This study provided more insight in the variation in locations of 
MLF lesions, as shown in Figure 2. The MLF is a tiny structure ex-
tending from the lower pons to the midbrain (Figure S1). The most 
typical location is a clearly visible lesion in the mid dorsal pons cross-
ing the midline which causes a bilateral INO. It is more challenging to 

deal with unilateral lesions the location of which can be just adjacent 
to the MLF. Particularly difficult are those lesions which are located 
more ventral and rostral where the MLF approaches the oculomotor 
nuclei. Even though this was taken into account in the blinded MRI 
rating, the post hoc MRI inspection revealed 11 INO cases with an 
MRI lesion in close proximity to the MLF, which might suggest that 
within the MLF a miniscule degree of anatomical variation of the 
ascending fibres from the abducens nucleus and/or a disruption of 
vestibular input may exist (Table 3).

The finding of more disability and progressive disease type in 
the patients with a clinico- radiological paradox suggests that pure 
axonal degeneration in the MLF could play a role (Table 3). Likewise, 
pure demyelination, which is difficult to detect with MRI [31] is a 
plausible alternative. Finally, astrogliosis, a key pathology in the 

TA B L E  3  Consensus revision of individual cases with a clinico- radiological paradox for the INO- MLF

Potential factors

Likelihood for contribution

INO−MLF+ INO+MLF−

Technical and MRI- related factors

1. Lesion below MRI resolution − +

2. MRI artefacts + +

3. Age of lesion (acute more visible than chronic) − +

4. Pure demyelination − +

5. Pure axonal degeneration − +

6. T1 black hole − +

7. Astrogliosis − +

8. Pre- symptomatic lesion + −

9. Remyelinated lesion + −

10. Suboptimal image quality or image sequences + +

Anatomical

1. Anatomical variation of MLF pathway + +

2. Lesion closely adjacent to, but not interfering with, MLF + −

3. Remote effect of adjacent lesions (e.g., by oedema, cytotoxic causes, conduction block) − +

4. Aberrant blood vessel − +

5. Altered conduction due to vestibular input to the MLFa  − +

6. Diffuse MS pathology − +

Other pathology

1. Specific MLF autoimmunity (e.g., antibodies) − +

2. Thin peri- MLF lesion (analogous to perineuritis) − +

3. Peri- CSF space leukoaraiosis (perfusion disturbances) − +

4. Other pathology (e.g., small cavernoma, pulse waves from blood vessels, vascular loops) − +

5. Other causes for conduction block in MLF − +

Other

1. Borderline INO cases, physiological variation in movement of adducting to abducting eye + −

Note: The list compiled summarizes factors which are speculated as potentially interesting for investigating one or both sides of the paradox 
(indicated by a + sign).
Abbreviations: CSF, cerebrospinal fluid; INO, internuclear ophthalmoplegia; INO+MLF−, internuclear ophthalmoplegia detected, no MLF lesion 
on MRI; INO−MLF+, no internuclear ophthalmoplegia detected, MLF lesion on MRI; MLF, medial longitudinal fasciculus; MRI, magnetic resonance 
imaging; MS, multiple sclerosis.
aEfferent fibres of the vestibular system reach the nuclei of the three cranial nerves involved in eye movements via the MLF to enable visual fixation 
with auto locomotion. Disrupted vestibular input (e.g., due to a lesion in this pathway) might therefore influence conduction through the MLF. 
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MS brain, remains a distinct possibility [32]. Then cerebrovascu-
lar comorbidity in MS needs to be considered as a reason for the 
clinico- radiological paradox, which is supported by the higher age 
of paradox MS cases (Table 1). On MRI inspection, evidence for this 
was only found in one case.

Medial longitudinal fasciculus lesions were also visible in mild 
INO cases; however, within the group of INO patients the VDI 
values were higher in the subgroup with MLF lesions than in the 
subgroup without MLF lesions, indicating a more severe adduction 
delay. Furthermore, the majority of MLF lesions were detected in 
bilateral INOs. This suggests that more evident MLF lesions can be 
seen in both bilateral and more severe INO cases. Therefore, it is 
plausible that some of the milder INOs in which no MLF lesion was 
found do have a very small MLF lesion that is not detectable on 
MRI. In the study by Frohman et al. [33], all 58 MS patients with INO 
were found to have evidence of an abnormality in the region of the 
MLF on proton density weighted images sequences (by non- blinded 
rating). This study included a selected group of chronic and clini-
cally evident INO cases, confirmed by infrared video oculography. 
Therefore, this study supports our finding that MLF lesions can be 
more easily found in more severe (and therefore probably clinically 
evident) INO cases. In the study of Frohman et al. no correlation 
was found between the severity of the INO (as indicated by the VDI 
peak velocity and peak acceleration) and the presence or absence of 
an MLF lesion by any imaging technique. However, the above men-
tioned inclusion criteria could contribute to the absence of such a 
correlation in this study.

Five cases were identified in whom a lesion was rated as an MLF 
lesion but without an INO detected with infrared oculography. All 
of these INOs had VDI values relatively far below the thresholds for 
detection (VDI AUC below 1.10), which makes it less likely that there 
was a small, not detected, INO. Possibly anatomical variation of the 
MLF pathway could exist and perhaps in retrospect the MLF was not 
involved in some of these cases, as could be the case with the exam-
ple in Figure 1f. This emphasizes the difficulty of in vivo investigation 
of the MLF, especially without clinical information. Another possi-
ble explanation could be an episode of clinical INO in the past, with 
complete functional recovery. It is not yet known if such complete 
recovery (without even a slight adduction delay on infrared oculog-
raphy measurement) occurs in INO patients.

Magnetic resonance imaging assessment of the MLF is not 
limited by lesion rating on 3 T images. Other techniques and se-
quences such as ultra- high field MRI, diffusion tensor imaging, 
magnetization- transfer imaging and T1/T2 ratio are developing and 
have been the subject of investigation for the past 10 years [34– 
36]. Therefore, a limitation of this study is that our results apply 
only to the paradox that exists between ‘regular’ MRI imaging and 
clinical findings and cannot be extrapolated to methods that assess 
microstructural white matter damage in a more sensitive manner. 
Furthermore, our MLF lesion ratings primarily rely on the review 
of the MRI scans by one specialist neuroradiologist; only doubtful 
cases were discussed with a second reviewer. The availability of the 
MRI scans in a repository will allow inspection of the scans by dif-
ferent readers.

F IGURE  2 Versional dysconjugacy 
index (VDI) distribution of the HC group 
and MS subgroups. Box- and- whisker plots 
of the VDI of the healthy control group, 
MS patients without a medial longitudinal 
fasciculus (MLF) lesion and MS patients 
with an MLF lesion on MRI. Both leftward 
and rightward VDI of every subject was 
included. The boxes extend from the 25th 
to the 75th percentile; the horizontal line 
in the box is plotted at the median and the 
asterisk indicates the mean. The dashed 
line indicates the INO detection threshold 
of both VDIs. *p < 0.05; **p < 0.001. (a) 
VDI area under the curve (AUC). VDI 
detection threshold at 1.174. (b) VDI peak 
velocity divided by amplitude (Pv/Am). 
VDI detection threshold at 1.180. [Colour 
figure can be viewed at wileyonlinelibrary.
com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com


1624  |    NIJ BIJVANK et Al.

Another limitation of our study is that there is no gold stan-
dard for our INO detection. As discussed before, a gold standard is 
not available as clinical assessment is inaccurate for the diagnosis 
[13]. Therefore, different parameters and thresholds in differen-
tiating MS patients and HCs for the INO detection with infrared 
oculography were systematically compared [10]. This detecting 
method needs validation, which can only be achieved by hypoth-
esis testing (instead of criterion validity, which requires a gold 
standard), of which the comparison with MLF lesions represents 
one approach. As expected, an INO was found in almost all MS 
patients with an MLF lesion. On top of this, INOs detected with 
infrared oculography showed more visual complaints and a lower 
visual functioning compared to non- INOs. This was absent or less 
evident in the group of patients with MLF lesions compared to 
patients without MLF lesions. This suggests that the functional 
definition of an INO, as detected with our standardized infrared 
oculography method, is clinically relevant. Another part of the val-
idation of our method represents the extent to which the method 
can detect changes over time. Longitudinal data of our cohort will 
be available in the next few years. Furthermore, a relevant change 
in INO can be observed after a single dose of fampridine, as shown 
in our recent placebo- controlled trial [37]. This is in line with the 
acknowledgement in the past few years that accurate measures 
of the visual system are expected to be able to predict and eval-
uate therapeutic efficacy more sensitively than MR brain imaging 

[38,39]. Finally, infrared oculography is non- invasive, all our pro-
tocols are available open- source and measurement devices are 
increasingly commercially available (with declining costs), which 
makes it suitable for a clinical setting.

Taken together, this study shows that the INO- MLF model is 
suitable for a very targeted, and clinically relevant, interrogation 
of the clinico- radiological paradox. The unique structure– function 
relation of these short white matter tracts and the high- precision 
measurement by infrared oculography can help an understanding of 
injury and recovery of white matter pathways. This makes it an ideal 
candidate target for testing new neuroprotective and remyelination 
treatment strategies. For further insight, discussion on this topic 
and multi- rater assessment, the MRI images of the paradox cases 
are available in a data repository. Finally, the structural MRI data in 
this study support the utility of the standardized method of INO de-
tection with infrared oculography as a sensitive functional outcome 
measure that is relevant for a patient and usable for (selection of 
patients in) clinical trials.
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TA B L E  4  Clinical characteristics of subgroups of MS patients

INO detected MLF lesion

Yes No

p value

Yes No p value

N = 66 N = 136 N = 26 N = 176

Disease duration (years) 23.6 (±9.1) 19.6 (±7.9) 0.001 20.7 (±1.3) 20.9 (±0.7) 0.875

EDSS score
(median (IQR))

4.0 (3.0) 3.0 (2.0) 0.008 4.8 (2.0) 3.5 (2.0) 0.002

HCVA (best eye)a  55.2 (±6.8) 57.0 (±7.1) 0.219 53.5 (±9.4) 56.8 (±0.5) 0.037

LCVA (best eye)b  29.3 (±12.7) 31.7 (±11.9) 0.276 25.6 (±10.2) 31.6 (±12.2) 0.062

Optic neuritis history (N, %)c  31 (50%) 60 (48%) 0.588 12 (52%) 79 (48%) 0.837

pRNFL thickness (mean ODS, µm)d  81.5 (±12.9) 85.5 (±13.1) 0.111 78.5 (±7.7) 85.0 (±13.5) 0.082

mGCIPL thickness (mean ODS, µm)d  74.9 (±15.4) 78.7 (±12.8) 0.161 73.8 (±12.0) 77.9 (±14.0) 0.293

VFQ- 25 overall score (median, IQR) 89.1 (11.2) 91.7 (9.3) 0.016 89.4 (16.6) 91.4 (11.9) 0.207

Complaints double vision (N, %) 23 (35%) 24 (18%) 0.013 5 (19%) 42 (24%) 0.616

Complaints focusing SO (N, %) 33 (50%) 40 (30%) 0.005 10 (38%) 63 (36%) 0.807

Complaints focusing MO (N, %) 41 (62%) 40 (30%) <0.001 14 (54%) 67 (39%) 0.148

Note: p values are the result of linear or logistic regression analyses adjusted for age and sex (except the comparison of disease duration, which was 
only adjusted for sex). Bold numbers indicate significant differences between the subgroups.
Abbreviations: EDSS, expanded disability status scale; HCVA, high- contrast visual acuity; INO, internuclear ophthalmoplegia; IQR, interquartile 
range; LCVA, low- contrast visual acuity; mGCIPL, macular ganglion cell and inner plexiform layer; MLF, medial longitudinal fasciculus; MO, moving 
objects; MS, multiple sclerosis; N, number; ODS, right and left eye; pRNFL, peri- papillary retinal nerve fibre layer; SO, stationary objects; VFQ- 25, 
Visual Functioning Questionnaire.
aHCVA data missing for 15 subjects. 
bLCVA data missing for 54 subjects. 
cConclusive evidence on optic neuritis missing for 16 patients. 
dOptical coherence tomography (OCT) data missing for 77 subjects. 
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