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A new novel method for assessing 
intracranial pressure using 
non‑invasive fundus images: a pilot 
study
Mikkel Schou Andersen1,2,3*, Christian Bonde Pedersen1,2,3 & Frantz Rom Poulsen1,2,3

Arteriole and venule diameter ratio (A/V-ratio) can be measured using fundus photography. In this 
pilot study, we correlated changes in the intracranial pressure with the diameter of vessels of the 
retina. We investigated whether increased intracranial pressure (ICP) was reflected in a measurable 
and quantifiable distention of the venule diameter, leading to a decreased A/V-ratio. This was 
demonstrated by assessment of the A/V-ratio in patients already undergoing conventional ICP 
monitoring with a cerebral intraparenchymal pressure monitor. Our method shows a correlation 
between A/V ratio and ICP and suggests an easily obtainable and usable point-of-care (POC), non-
invasive method to estimate the intracranial pressure without the necessity of mydriatic drugs. 
Furthermore, the sensitivity/specificity analysis with a cut-off of < 0.8015 A/V-ratio, showed a 
sensitivity of 94% [85–98%] and a specificity of 50% [34–66%] with a positive likelihood ratio of 9.0. 
This means that in a clinical setting there is a 94% chance of correctly identifying individuals with 
ICP ≥ 20 mmHg.

It is well-known that intracranial pressure (ICP) ranges from 5–15 mmHg at rest in a healthy adult1,2. The thresh-
old value for intracranial hypertension varies not only throughout the literature but also in clinical practice. In 
general, ICP > 20 mmHg is considered pathological and often requires treatment3–6. ICP monitoring is considered 
paramount in diseases like intracranial hemorrhages, traumatic brain injury, subarachnoid hemorrhages, malig-
nant infarction, cerebral edema and infections of the central nervous system to optimize treatment of secondary 
brain injuries and thereby improve outcome7.

Neuromonitoring still heavily relies on invasive methods such as parenchymal or ventricular neuromonitor-
ing (external ventricular drain, EVD), both placed through a cranial burr hole8. Invasive procedures, however, 
carry the risk of bleeding9,10, infection11 and brain damage. Furthermore, invasive intracranial pressure tools 
are prone to device failure due to baseline drift of the probe in the tissue and breakage of equipment10,12,13, and 
the invasive nature of reliable ICP-monitoring equipment makes them unsuitable for usage in settings outside 
neurosurgical intensive care units.

To date, the most promising non-invasive ICP measuring methods studied are pupillometry 14 and optic nerve 
sheath diameter15. However, they have not been validated for daily clinical use and are prone to a high degree 
of inter-observer variations16. There is therefore a need for further research in other non-invasive intracranial 
pressure modalities.

In the United States and Europe, the incidence of traumatic brain injury (TBI) is 500/100,000 and more than 
200/100,000 patients are admitted due to TBI related incidence in Europe17,18. A quick, non-invasive and easy-
to-use screening tool for intracranial pressure would be of great benefit in such and other cases, where elevated 
intracranial pressure can be a potential hazard.

A relationship between acute elevation in ICP and retinal venule dilation was shown in animal models in the 
70′s19,20. ICP affects intracranial arteries and venules and thereby influences the draining and feeding vessels to 
the eye, which in turn under higher ICP can cause papilledema by retrobulbar compression. Guidoboni et al.21 
has published a theoretical work, which describes mathematically the association between vessel diameter, 
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intraocular pressure and optic nerve tissue pressure and by that ICPs involvement. Furthermore, the intracranial 
hypertension treatment trial (2015) reported a decreasing retinal A/V-ratio in correlation with the severity of 
papilledema, which suggests an association between prolonged increased ICP and A/V-ratio22.

We here propose a novel, cheap, fast and easy measurement using non-invasive fundoscopy on non-dilated 
pupils to assess ICP by using retinal A/V-ratio. (ClinicalTrials.gov ID NCT03382860).

Materials and methods
Study design and population.  The study was an observational, prospective and single-blinded proof-of-
concept study of patients from a neurosurgical department investigated for suspected normal pressure hydro-
cephalus (NPH) or ventriculoperitoneal (VP) shunt dysfunction. Inclusion criteria were: 18 years or older and 
competent, informed consent and indication for intraparenchymal, intraventricular or lumbar intracranial pres-
sure (ICP) monitoring. All experiment protocols were approved by The Regional Committees on Health Research 
Ethics for Southern Denmark, which is a part of the ethics committee system in Denmark (S-20170038). The 
Regional Committees on Health Research Ethics for Southern Denmark is based on the second Declaration 
of Helsinki and we confirm all methods were carried out in accordance with those guidelines and regulations.

Demographics and clinical data description.  All demographic and clinical data were either collected 
from the patient’s medical records or bedside. Data collected included: age, gender, blood pressure at time of data 
collection, past medical history, medication, smoking and indication for ICP monitoring.

Fundus camera and experimental setup.  An EpiCam M (Epipole Ltd., Rosyth, UK), a handheld retinal 
fundus camera with a monochromatic image sensor, was used. The EpiCam is a CE marked Class I medical 
device and complies with ISO 10,940:2009, the international standard for retinal fundus cameras. The camera 
can correct focus in excess of ± 15 diopters. Mydriasis is not necessary. EpiCam viewer software version 2.1.1 
(Epipole Ltd., Rosyth, UK) was used to capture the videos. Figure 1A shows experimental setup with the EpiCam 
M and Fig. 1B shows an example of an image that met the quality parameters. EpiCam viewer video analysis was 
performed with ICP and patient data blinded to the observer.

Intracranial pressure monitoring.  All videos were recorded with patients in a horizontal, left side posi-
tion (Fig. 1A). Patients with suspected normal pressure hydrocephalus were admitted for 24 h of intraparenchy-
mal ICP monitoring using Integra Camino (Integra LifeSciences, Saint Priest, France). The following day, an 
infusion test through a lumbar puncture was performed for 20 min, where 1 ml/min isotonic sterile saline was 
injected to gradually increase ICP. Retinal videos were recorded during these 20 min. ICP was measured once 
every minute. Patients with suspected VP shunt dysfunction were admitted for 24 h of intracranial pressure 
monitoring also using Integra Camino, and videos were captured at any given time with the intracranial pressure 
measurements as reference for ICP.

Video processing and software analysis.  The video processing and software analysis are outlined in 
Fig. 2. Videos were captured with a frame width of 1,280 pixels (px) and height of 1,024 px with 16 frames 
per second. Image processing software (Statumanu, Glostrup, DK) was used to split the videos into individual 
images. The fundus was correctly identified using the software (The “Is Fundus” function) (Fig. 2A). A Microsoft 
Cognitive Toolkit (CNTK) deep learning tool was applied on 192 × 192 px images (downscaled for easier man-
agement) on 52.973 individual fundus images from previous recordings not included in the study. To discard 
images not focusing on the fundus, the system was taught manually to distinguish fundus images from non-
fundus images prior to applying the deep learning algorithm, and to correctly identify the optic disc (Fig. 2B). 
The developed software could either identify the disc and proceed to the next step or discard the image. Quality 
parameters were applied giving the images a score from 0–100 based on the optic disc, vessel clarity and overall 
image quality (sharpness and brightness) (Fig. 2C). The image with the highest quality was chosen as reference, 
Max(Q). All images were perceived as a coordinate system (x, y, α), where α was the rotation (Fig. 2D). Images 
were rotated to match the reference image to achieve the most accurate measurements of the same points. A 
paired venule and arteriole were then selected manually at a distance corresponding to two optic disc radii 
peripherally from the optic disk. The distinction between venule and the paired arteriole was based on the 
appearance with the venule being generally darker and thicker than the paired arteriole. In addition, a venule 
never crosses another venule, only arterioles. The software marked 25 points on either side of the marked vessel 
point (Fig. 2E) using Halcon software program (MVTECH, Munich, De), and a Line Gauss function23–25 (from 
the program Halcon (Stemmer Imaging A/S, DK)) was used to measure the diameter of the vessel. This process 
was automatized through a CNTK deep learning algorithm based on 1.043.000 images of vessels to ensure cor-
rect identification of venules and arterioles on the basis of 64 × 64 px images (Fig. 2F). Vessel diameters were 
transferred to Excel (Microsoft, Redmond, WA) and A/V-ratios are calculated for each given full second, which 
includes a total of 16 images.

Statistical considerations.  All statistical analyses were performed using Stata 16 (StataCorp LLC, College 
Station, Texas, USA). A mixed-effect linear regression model with random intercepts was used to assess associa-
tion between mean ICP and median A/V-ratio for patients with ICP values < 15 mmHg and ≥ 15 mmHg, account-
ing for the repeated measurements of patients. Also, mixed-effect linear regression was performed to compare 
median A/V values between the groups with ICP ≤ 19 and ≥ 20 ICP. In addition, a Receiver operating characteris-



3

Vol.:(0123456789)

Scientific Reports |        (2020) 10:13062  | https://doi.org/10.1038/s41598-020-70084-0

www.nature.com/scientificreports/

tic (ROC) curve analysis and sensitivity/specificity analysis were performed on all A/V-ratio values ≤ 19 mmHg 
versus ≥ 20 mmHg to assess how well A/V-ratio predicts a potentially dangerous ICP ≥ 20 mmHg.

Results
Study population.  The study was conducted between August 2017 and December 2017 and approved by 
The Regional Ethics Committee (ID S-20170038) and the The Danish Data Protection Agency (18/16,859). 
After signed informed consent, a total of 24 patients were included in the study. Of the 24 patients, 20 patients 
were suspected of normal pressure hydrocephalus (NPH) and four were suspected of ventriculoperitoneal (VP) 
shunt dysfunction. Two patients with suspected NPH withdrew their consent. Out of the remaining 18, six were 
excluded due to insufficient video imaging quality, leaving a total of twelve included patients with presumed 
NPH. Two of the patients with suspected VP shunt dysfunction were excluded due to insufficient video quality.

Fundus vessel diameters and intracranial pressure.  Data from all patients were plotted with ICP on 
the y-axis and A/V-ratio on the X-axis. ICP and corresponding A/V ratios were grouped into Low mean ICP 
0–14 mmHg and Medium–High mean ICP ≥ 15 mmHg for analyses. The analyses were performed on all 14 
patients with a mean of 6.1 observations per patient in total 86 total observations.

For mean ICP values below 15 mmHg (Low ICP) the data showed an insignificant correlation between ICP 
and Median A/V ratio, p = 0.212, with a regression slope estimate of 0.0017 and 95%-CI [− 0.0010 to 0.00445] 
(Fig. 3A). For mean ICP equal to or above 15 mmHg the data showed a significant correlation between ICP and 
Median A/V ratio, p < 0.0001, with a slope value − 0.0023 and 95%-CI [− 0,0,035-(− 0,0011)]. The correlation 
between A/V-ratio and mean ICP above 15 was negative, and a positive change in ICP resulted in a fall in A/V-
ratio (Fig. 3B). Further, the regression slopes for the two groups were significantly different (p = 0.007). Moreover, 

Figure 1.   Experimental Setup and image. (A) The experimental setup. The EpiCam M is a hand-held digital 
retinal fundus camera, which is aimed directly at the pupil, from where the vessels can be visualized. This figure 
shows a schematic setup of the experimental setup. The video capturing occurs during infusion test through a 
needle in the lumbar region. (B) The optic disc and vessels. To distinguish arterioles and venules it is important 
to know two things: 1. Arterioles never cross arterioles and venules never cross venules and 2. Venules are 
generally larger and darker than arterioles. If the images are of high enough quality one can observe pulsation 
through the arteriole and thereby making proper vessel identification easy.



4

Vol:.(1234567890)

Scientific Reports |        (2020) 10:13062  | https://doi.org/10.1038/s41598-020-70084-0

www.nature.com/scientificreports/

Figure 2.   Video processing and software analysis. (A) ‘Is Fundus’ function determines whether the image is that 
of a fundus (true) or not (false). This step excludes all non-fundus images. (B) The optic disc is then localized 
in order to measure the vessels from the same distance from the center on all images (2 radiuses). (C) Quality 
parameters filter images based on image quality (scores the image between 0–100). (D) Rotation: The image 
with the highest quality was chosen as reference, Max(Q). All images are perceived as a coordinate system (x, 
y, α), where α was the rotation All images were rotated to match the reference image to achieve more accurate 
measurements of the same points. (E) Twenty-five points are chosen for each vessel and the diameter in pixels 
is measured. (F) An image of how the CNTK deep learning algorithm recognizes vessels of sufficient quality on 
64 × 64 px images for analysis.

Figure 3.   Results: Fitted data for each patient. (A) Graphical display of the mixed-effect linear regression 
of Low ICP (< 15 mmHg) based on 40 observations from 11 patients with an average of 3.6 observations per 
patient. Each patient is represented with a fitted line if they have two or more observations. (B) Same as A. 
except the model is based on ICP ≥ 15 mmHg (medium ICP 15–19 mmHg and high ICP ≥ 20 mmHg. Based on 
46 observations from 9 patients with an average of 5.1 observations per patient. Each patient is represented with 
a fitted line if they have two or more observations. Some patients have observations on both sides of the ICP 
spectrum (Low and Medium–High).
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we performed a linear regression based on the A/V-ratio inter-variability between patients. The patients show 
a significant different A/V-ratio.

In the Medium–High ICP group, the means of the median A/V-ratios were significantly different for ICP 
values ≥ 20 mmHg and ICP values ≤ 19 mmHg (p = 0.01), with mean [95%-CI] = 0.8551 [0.8184–0.8918] for ICP 
values ≥ 20 mmHg and 0.8757 [0.8406–0.9107] for ICP values ≤ 19 mmHg (p = 0.01).

ROC curve analysis on A/V-ratio corresponding with ≥ 20 mmHg and ≤ 19 mmHg showed an area under 
the curve (AUC) value AUC = 0.74 (0.63–0.85), p = 0.0002. This analysis was used to show how well A/V-ratio 
predicts ICP. The sensitivity/specificity analysis with a cut-off of < 0.8015 A/V-ratio, showed a sensitivity of 94% 
[85–98%] and a specificity of 50% [34–66%] with a positive likelihood ratio of 9.0. This means that in a clinical 
setting there is a 94% chance of correctly identifying individuals with ICP ≥ 20 mmHg. However, there is also a 
50% chance of identifying a healthy individual as sick. Therefore, in case a patient has a positive test, it would 
warrant further diagnostics such as head CT-scan or invasive ICP monitoring.

Discussion
The present study correlated measurements of A/V-ratio in patients subjected to direct intracranial pressure 
monitoring. The study shows that A/V-ratio varies within the patient population. We found a correlation between 
a rise in ICP and a drop in A/V-ratio at mean ICP values above 15 mmHg. However, there was no correlation 
between ICP and A/V-ratio in low/normal ICP values (below 15 mmHg). Furthermore, potentially dangerous 
ICP ≥ 20 mmHg is distinguishable from not elevated ICP ≤ 19 mmHg.

Our hypothesis regarding a change in A/V-ratio and a change in ICP is supported by the recently published 
work by Moss et al.26. Moss et al. used a similar image analysis but acquired the images with scanning laser 
ophthalmoscopy. In the present study we used a white light fundoscopy. This results in less sharp images, but it 
is easier to handle for other medical personal than ophthalmologists. Despite differences in study designs the 
two studies come to similar conclusions. Moss et al. found no association between A/V-ratio and normal ICP. 
Similarly, we found no correlation at ICP lower than 15 mmHg. However, our data suggest that a significant 
correlation exits with ICP ≥ 15 mmHg, but with a high inter-patient variation. As shown in Fig. 3. A and B, it is 
clear that the patients have various A/V-ratio for the same ICP. Moss et al. conclude that there is a decrease in 
both arteriole and venule diameter in subjects with high ICP, and also that a short-term decrease in ICP causes 
the venules diameter to decrease, thereby increasing A/V-ratio. The latter corresponds well with our findings. 
During an infusion test to diagnose normal pressure hydrocephalus sterile saline is injected in order to raise the 
intracranial pressure. As ICP raises above 20 mmHg the venule distends resulting in a decrease in A/V-ratio. 
This response has been reported previously27,28.

Based on our data and the literature, we suggest that intraocular pressure (IOP) influences A/V-ratio. IOP 
ranges from 5–20 mmHg29. The vessels of the retina run within the optic nerve dural sheath30 and therefore are 
surrounded by CSF and connected to the subarachnoid space. Thus, changes in the intracranial pressure might 
potentially reflect the optic nerve vessel diameter31,32 and is affected by both changes in ICP as well as IOP33,34. 
The intraocular and intracranial spaces are both pressure compartments with variable pressures. The passing 
vessels are therefore regulated according to the Starling resistor mechanism,a fluid dynamic that governs the flow 
in collapsible tubes exposed to variable external pressure35. Therefore, increased pressure in one compartment 
will cause vessels to partially collapse, which in turn increases resistance to flow. It has long been known that 
IOP responds to a rise in ICP36, which changes the transmural equilibrium in the retinal vessels. The cerebral 
pressure–volume curve shows that autoregulation ensures transmural equilibrium until an ICP > 20 mmHg 
causes a change in the equilibrium37. Due to physiological differences between veins and arteries, veins are more 
compliant than arteries, which causes veins to distend when a rise in ICP occurs38.

The above corresponds with our data (ICP above 15 mmHg, medium–high), where a rise in ICP causes 
a drop in A/V-ratio. However, it does not explain the data from 0–15 mmHg (low). We hypothesize the data 
resembles some form of inverted U with the IOP as top point of A/V-ratio (highest value). However, this needs 
to be explored in future studies, where IOP will be included. We hypothesize that the retinal vein collapses when 
ICP < IOP due to forces mentioned above and by perceived distention in the 2D images. This is further sup-
ported by the works of Firsching et al.39, where they measured both IOP and venous outflow pressure (vOP) of 
the central retinal vein. They describe that the pressure within the central retinal vein is greater or equal to ICP 
because the vein follows the optic nerve prior to draining into the venous sinus, which is independent from IOP 
because the vein collapses when IOP > vOP.

Limitations: In the present study we did not measure IOP. Further studies are needed to confirm the relation-
ship between IOP and ICP. Second, we recorded mean ICP, and we can therefore not account for changes in vein 
pulsation or beta-waves.

Conclusion
In this pilot investigation, a novel methodology using a standard CE marked fundus camera for a quick, easy 
and inexpensive way to visualize the arterioles and venules of the eye is described. We used a semi-automatized 
software to measure the diameter of the vessels, and the arteriole/venule ratio was calculated. Despite limitations, 
a significant change in A/V-ratio could be correlated to ICP. A/V-ratio decreased with ICP above 15 mmHg 
(p = 0.0001) and there was a significant difference between ICP that is considered to be elevated and potentially 
dangerous (≥ 20 mmHg) and not elevated ICP. The technique shows promise for non-invasive detection of 
changes in ICP and possibly detection of absolute ICP values. However, further studies are needed to validate this.

Received: 18 March 2020; Accepted: 25 June 2020



6

Vol:.(1234567890)

Scientific Reports |        (2020) 10:13062  | https://doi.org/10.1038/s41598-020-70084-0

www.nature.com/scientificreports/

References
	 1.	 Gilland, O. Normal cerebrospinal-fluid pressure. N. Engl. J. Med. 280(16), 904–905 (1969).
	 2.	 Gilland, O., Tourtellotte, W. W., O’Tauma, L. & Henderson, W. G. Normal cerebrospinal fluid pressure. J. Neurosurg. 40(5), 587–593 

(1974).
	 3.	 Miller, J. D. et al. Significance of intracranial hypertension in severe head injury. J. Neurosurg. 47(4), 503–516 (1977).
	 4.	 Marmarou, A., Saad, A., Aygok, G. & Rigsbee, M. Contribution of raised ICP and hypotension to CPP reduction in severe brain 

injury: correlation to outcome. Acta Neurochir. Suppl. 95, 277–280 (2005).
	 5.	 Andrews, B. T., Chiles, B. W. 3rd., Olsen, W. L. & Pitts, L. H. The effect of intracerebral hematoma location on the risk of brain-stem 

compression and on clinical outcome. J. Neurosurg. 69(4), 518–522 (1988).
	 6.	 Kristiansson, H. et al. Measuring elevated intracranial pressure through noninvasive methods: a review of the literature. J. Neuro-

surg. Anesthesiol. 25(4), 372–385 (2013).
	 7.	 Smith, M. Monitoring intracranial pressure in traumatic brain injury. Anesth. Analg. 106(1), 240–248 (2008).
	 8.	 LeRoux, P. et al. The international multidisciplinary consensus conference on multimodality monitoring in neurocritical care: 

evidentiary tables—a statement for healthcare professionals from the Neurocritical Care Society and the European Society of 
Intensive Care Medicin. Neurocrit. Care 21(2), S297–S361 (2014).

	 9.	 Wiesmann, M. & Mayer, T. E. Intracranial bleeding rates associated with two methods of external ventricular drainage. J. Clin. 
Neurosci. 8(2), 126–128 (2001).

	10.	 Gelabert-Gonzalez, M. et al. The Camino intracranial pressure device in clinical practice. Assessment in a 1000 cases. Acta Neu-
rochir (Wien) 148(4), 435–441 (2006).

	11.	 Lozier, A. P., Sciacca, R. R., Romagnoli, M. F. & Connolly, E. S. Jr. Ventriculostomy-related infections: a critical review of the 
literature. Neurosurgery 51(1), 170–181 (2002).

	12.	 Martinez-Manas, R. M., Santamarta, D., de Campos, J. M. & Ferrer, E. Camino intracranial pressure monitor: prospective study 
of accuracy and complications. J. Neurol. Neurosurg. Psychiatry 69(1), 82–86 (2000).

	13.	 Citerio, G. et al. Brain ITg: multicenter clinical assessment of the Raumedic Neurovent-P intracranial pressure sensor—a report 
by the BrainIT group. Neurosurgery 63(6), 1152–1158 (2008).

	14.	 Chen, J. W. et al. Pupillary reactivity as an early indicator of increased intracranial pressure: the introduction of the Neurological 
Pupil index. Surg. Neurol. Int. 2, 82 (2011).

	15.	 Geeraerts, T., Duranteau, J. & Benhamou, D. Ocular sonography in patients with raised intracranial pressure: the papilloedema 
revisited. Crit. Care 12(3), 150 (2008).

	16.	 Sekhon, M. S. et al. Optic nerve sheath diameter on computed tomography is correlated with simultaneously measured intracranial 
pressure in patients with severe traumatic brain injury. Intensive Care Med. 40(9), 1267–1274 (2014).

	17.	 Maas, A. I. et al. Re-orientation of clinical research in traumatic brain injury: report of an international workshop on comparative 
effectiveness research. J. Neurotrauma 29(1), 32–46 (2012).

	18.	 Maas, A. I., Stocchetti, N. & Bullock, R. Moderate and severe traumatic brain injury in adults. Lancet Neurol. 7(8), 728–741 (2008).
	19.	 Rios-Montenegro, E. N., Anderson, D. R. & David, N. J. Intracranial pressure and ocular hemodynamics. Arch Ophthalmol. 89(1), 

52–58 (1973).
	20.	 Hayreh, S. S. & Edwards, J. Ophthalmic arterial and venous pressures. Effects of acute intracranial hypertension. Br. J. Ophthalmol. 

55(10), 649–663 (1971).
	21.	 Guidoboni, G. et al. Intraocular pressure, blood pressure, and retinal blood flow autoregulation: a mathematical model to clarify 

their relationship and clinical relevance. Invest. Ophthalmol. Vis. Sci. 55(7), 4105–4118 (2014).
	22.	 Fischer, W. S., Wall, M., McDermott, M. P., Kupersmith, M. J. & Feldon, S. E. Group NIIHS: photographic reading center of the 

idiopathic intracranial hypertension treatment trial (IIHTT): methods and baseline results. Invest. Ophthalmol. Vis. Sci. 56(5), 
3292–3303 (2015).

	23.	 Steger, C. Extracting curvilinear structures: a differential geometric approach. In “Fourth European Conference on Computer Vision”, 
Lecture Notes in Computer Science Vol. 1064 (eds Buxton, B. & Cipolla, R.) 630–641 (Springer, Berlin, 1996).

	24.	 Steger C: Extraction of curved lines from images. In 13th International Conference on Pattern Recognition 1996, Vol. II, pp 251–255.
	25.	 Steger, C. An unbiased detector of curvilinear structures. IEEE Trans. Pattern Anal. Mach. Intell. 20(2), 113–125 (1998).
	26.	 Moss, H. E., Vangipuram, G., Shirazi, Z. & Shahidi, M. Retinal vessel diameters change within 1 hour of intracranial pressure 

lowering. Transl. Vis. Sci. Technol. 7(2), 6 (2018).
	27.	 Lee, S. Y. et al. Bilateral retinal venous caliber decrease following unilateral optic nerve sheath decompression. Ophthalmic. Surg. 

26(1), 25–28 (1995).
	28.	 Moss, H. E., Treadwell, G., Wanek, J., DeLeon, S. & Shahidi, M. Retinal vessel diameter assessment in papilledema by semi-

automated analysis of SLO images: feasibility and reliability. Invest. Ophthalmol. Vis. Sci. 55(4), 2049–2054 (2014).
	29.	 Wang, Y. X., Xu, L., Wei, W. B. & Jonas, J. B. Intraocular pressure and its normal range adjusted for ocular and systemic parameters. 

The Beijing Eye Study 2011. PLoS ONE 13(5), e0196926 (2018).
	30.	 Kels, B. D., Grzybowski, A. & Grant-Kels, J. M. Human ocular anatomy. Clin. Dermatol. 33(2), 140–146 (2015).
	31.	 Jonas, J. B., Berenshtein, E. & Holbach, L. Anatomic relationship between lamina cribrosa, intraocular space, and cerebrospinal 

fluid space. Invest. Ophthalmol. Vis. Sci. 44(12), 5189–5195 (2003).
	32.	 Killer, H. E., Laeng, H. R., Flammer, J. & Groscurth, P. Architecture of arachnoid trabeculae, pillars, and septa in the subarachnoid 

space of the human optic nerve: anatomy and clinical considerations. Br. J. Ophthalmol. 87(6), 777–781 (2003).
	33.	 Zhao, D., He, Z., Vingrys, A. J., Bui, B. V. & Nguyen, C. T. The effect of intraocular and intracranial pressure on retinal structure 

and function in rats. Physiol. Rep. 3(8), e12507 (2015).
	34.	 Lashutka, M. K., Chandra, A., Murray, H. N., Phillips, G. S. & Hiestand, B. C. The relationship of intraocular pressure to intracranial 

pressure. Ann. Emerg. Med. 43(5), 585–591 (2004).
	35.	 Ranieri, A. & Bonavita, V. Starling resistors, autoregulation of cerebral perfusion and the pathogenesis of idiopathic intracranial 

hypertension. Panminerva Med.  59(1), 76–89 (2016).
	36.	 Lehman, R. A., Krupin, T. & Podos, S. M. Experimental effect of intracranial hypertension upon intraocular pressure. J. Neurosurg. 

36(1), 60–66 (1972).
	37.	 Cameron, R. G. & Ali, A. A. On the intracranial pressure-volume curve. Front. Med. Biol. Eng. 4(4), 301–308 (1992).
	38.	 Wilson, M. H. Monro-Kellie 2.0: The dynamic vascular and venous pathophysiological components of intracranial pressure. J. 

Cereb. Blood Flow Metab. 36(8), 1338–1350 (2016).
	39.	 Firsching, R., Schutze, M., Motschmann, M., Behrens-Baumann, W. & Meyer-Schwickerath, R. Non-invasive measurement of 

intracranial pressure. Lancet 351(9101), 523–524 (1998).

Acknowledgements
Special thanks to Jakob Find Madsen from StatuManu for developing the software and for allowing us to borrow 
recording and fundoscopy equipment. In addition, we would also like to thank the residents and nurses from 
the Department of Neurosurgery, Odense University Hospital for their assistance during the enrollment and 
data collection phase. Also, we would like to thank Gregory J. Lopez, Jefferson Medical College, Philadelphia, 



7

Vol.:(0123456789)

Scientific Reports |        (2020) 10:13062  | https://doi.org/10.1038/s41598-020-70084-0

www.nature.com/scientificreports/

Pennsylvania, United States and Claire Gudex, University of Southern Denmark for final proofreading. Finally, 
a thanks to Pia Veldt Larsen, Biostatistician, Mental Health Services in the Region of Southern Denmark.

Author contributions
M.S.A., C.B.P. and F.R.P. planned the project, M.S.A. performed funduscopy, collected data, performed analyses, 
prepared and manufactured Figs. 1–3 and created first draft of the manuscript, M.S.A., C.B.P. and F.R.P. have 
edited the manuscript, interpreteted the data and approved final draft.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.S.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A new novel method for assessing intracranial pressure using non-invasive fundus images: a pilot study
	Anchor 2
	Anchor 3
	Materials and methods
	Study design and population. 
	Demographics and clinical data description. 
	Fundus camera and experimental setup. 
	Intracranial pressure monitoring. 
	Video processing and software analysis. 
	Statistical considerations. 

	Results
	Study population. 
	Fundus vessel diameters and intracranial pressure. 

	Discussion
	Conclusion
	References
	Acknowledgements


