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The role of phase contrast MRI scanning in selecting normal pressure hydrocephalus patients for V-P shunting.
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Abstract

Normal pressure hydrocephalus (NPH) is a known cause of dementia. It is the only type of dementia that can be treated surgically by putting a ventriculo-peritoneal shunt to drain excess cerebrospinal fluid (CSF) from the ventricles of the brain. In addition, it is associated with difficulty in walking (which usually precedes dementia) and incontinence (which usually follows dementia). It is important to diagnose this condition properly as there are other dementia types and different neurological conditions which present in a similar way but would not respond to any surgical intervention. A number of different invasive and non-invasive tests are required to differentiate these various conditions from each other and to select the appropriate patients who would respond to shunting. Computerized tomography and simple magnetic resonance imaging (MRI) of the head are widely used clinically as part of the investigations, but these are not completely reliable. Cine Phase contrast MRI scanning is a more sophisticated technique of examining the flow of CSF through different regions of the brain. 

This study prospectively investigated the role of cine phase contrast MRI scanning in calculating the various CSF flow variables through the cerebral aqueduct and studied their relationship with the patient selection for shunting. The decision for shunting was based on the usual clinical grounds and the treating physician was blinded by the results of the CSF flow characteristics. For analysis of the results patients were divided into two groups depending on whether they had only one or two MRI scans (the second scan was performed after drainage of two hundred ml of CSF via the lumbar drain). There were seventeen patients in the first group (10 males and 7 females). There was no statistical difference between the peak velocity, average velocity, average flow over range, forward volume, reverse volume and net forward volume between shunted (n=6) and un-shunted patients (n=11). The p values for these parameters were 0.567, 0.621, 0.929, 0.416, 0.449 and 0.948, respectively. The second group comprised of twenty one patients. Since these patients had two MRI scans each, the differences between the above CSF flow parameters were calculated and studied in relation to shunt status. Again the differences could not reach statistical significance between shunted (n=10) and un-shunted (n=11) patients. The calculated p values for differences between peak velocities, average velocities, average flows over range, forward volumes, reverse volumes and net forward volumes between shunted and un-shunted patients were 0.224, 0.116, 0.712.0.608, 0.624 and 0.438, respectively. Using stepwise multiple regression to look at the unique contribution of each variable towards the shunt status, the difference between average velocities, difference between reverse volumes and difference between forward volumes achieved statistical significance in that order.

It was concluded that although the present study could not establish the precise role of the cine phase contrast MRI scans in the evaluation of NPH patients but conducting a large scale study is more likely to show the statistical significance of different CSF flow variables. 

Introduction

1- NORMAL PRESSURE HYDROCEPHALUS:

Hakim and Adams (1964) initially described the clinical entity of ‘Normal Pressure Hydrocephalus’ in early sixties as a symptom complex of gait disturbance, dementia and incontinence (Hakim, 1964; Hakim and Adams, 1965). These symptoms were related to enlargement of ventricles without an increase in the intracranial pressure (Adams et al, 1965). Ever since its recognition, no standards could be set for its diagnosis, prognosis and treatment. The scientific evidence on these aspects is insufficient and there is a lack of randomized trials to formulate evidence-based guidelines (Marmarou et al, 2005).

1.1: TYPES OF NORMAL PRESSURE HYDROCEPHALUS (NPH):

NPH is classified into two different types:

1- Idiopathic Normal pressure Hydrocephalus (INPH):

Where there is no specific predisposing factor associated and 

2- Secondary Normal Pressure Hydrocephalus (SNPH): 

Here, the condition is as a result of previous insult to the head, which could be due to subarachnoid hemorrhage, meningitis, head injury or previous cranial surgery (Bradley, 2000).

1.2: CLINICAL SYMPTOMS OF NPH:

Normal pressure hydrocephalus is usually a progressive disease. The initial and most consistent symptom is gait apraxia. The cognitive disturbances and urinary incontinence develop later. All the three symptoms of the ‘classical triad’ need not be present for the diagnosis to be made (Relkin et al, 2005).

I- MOVEMENT DISORDERS:

a- GAIT ABNORMALITIES:

The gait pattern has been described variably as ‘short stepped’, ‘glue footed’, ‘magnetic’ or ‘shuffling’. Patients have particular difficulty in ascending and descending stairs and in walking at the expected pace. Turning around becomes difficult and requires multiple steps. These features occur without any evidence of weakness in legs or the presence of pyramidal dysfunction.

The cause of the gait disturbances in NPH is not completely understood. Earlier explanation that enlargement of ventricles leading to compression / deformation of motor fibers through corona radiate has not been proved by motor evoked studies (Bech-Azeddine et al, 2001).The involvement of the subcortical motor control system is suggested by electromyographic findings of contraction of antagonistic muscle groups and abnormally increased activity in the antigravity muscles acting on hip and knee joints (Boon et al, 1997; Bono et al, 2002).

b- POSTURE:

Patients with NPH may be more forward leaning and tend to show wider sway and imbalance, which is made worse by closing the eyes (Zaaroor et al, 1997; Blomsterwall et al, 2000).

II- DEMENTIA:

The dementia of NPH is subcortical in origin. It includes slowing of thought, inattentiveness, apathy, encoding and recall problems (Merten, 1999).

There is psychomotor slowing and impairment of fine motor speed and accuracy. Borderline impairment also occurs in auditory memory (immediate and delayed), attention concentration, executive function and behavior. The areas of brain responsible for these manifestations are not clear. Some investigators think that the frontostriatal system is dysfunctional while others believe that different subcortical structures including the projection fibers are involved due to enlargement of lateral ventricles.

III- INCONTEINENCE:

It is the least well characterized feature of NPH. During the early stage of the disease, frequency and urgency is present without actual incontinence, which can develop later on with disease progression. Fecal incontinence is not a usual presenting feature although it can develop later. Urodynamic studies may be helpful in characterizing the NPH related urinary symptoms (Sudarsky and Simon, 1987; Stolze et al, 2000).

2 - measurement of CSF flow velocity utilising Phase contrast- CINE MAGNETIC RESONANCE IMAGING (mri):

One of the emerging investigations is the use of phase contrast MRI scanning, which can give the velocity of CSF through the cerebral aqueduct. These velocities along with other parameters can direct to correct diagnosis and management of patients with Normal Pressure Hydrocephalus. By means of cine MRI, analysis of CSF pulsations can be made in quantitative and qualitative terms (Dittmann et al, 1993), which can allow evaluation of the extent and type of disease process as well as the success of an operation. Dynamic (Phase contrast and phase contrast cine) magnetic imaging has been utilized previously to study the CSF characteristics in Syringomyelia associated with Chiari-I malformation (Oldfield et al, 1994) and the changes induced by the various surgical procedures to treat it. The effects of these post-operative changes in CSF flow have been correlated with the clinical outcome (Fujii et al, 1991). Similar studies have been performed in the evaluation of a number of neurosurgical disorders including post- traumatic syringomyelia (Freund et al, 2001), Craniocervical compression, stenosis of the aqueduct of Sylvius (Quencer et al, 1992), pediatric hydrocephalus (Quencer et al, 1992), cervical spondylosis, arachnoid cysts and Normal Pressure Hydrocephalus (Katayama  et al, 1993; Watabe et al, 1994; Eguchi  et al, 1996).

2.1- THE ROLE OF CINE MRI IN THE STUDY OF CSF FLOW:

(a) Pulsatile nature of CSF flow:

The CSF motion through the cranio-spinal axis is pulsatile, with a small net cranio-caudal component (Gilland, 1969; Du-Boulay, 1996). This has been investigated by various workers. O’Connell, (1943) suggested a ‘CSF pump’ mechanism to explain this. He thought that the brain is squeezed from outside by pulsation of large arteries at its base and also expands as it is filled with blood during cardiac systole. On the other hand Bering (1955) hypothesised that the CSF pulse originates within the ventricular system by systolic expansion of the choroid plexuses (Bering, 1955). Du Boulay (1996) from his pneumo-encephalographic, oil-contrast myelographic and myodil ventriculographic image intensifier cine studies made the following observations (Du-Boulay, 1996):

· The pulsatile movements in the subarachnoid space have the same speed as the arterial pulse. It is greatest in the cervical region and fades down along the spinal canal.

· In the ventricular system and the cervical region the downward flow of CSF begins during systole and the flow reverses during diastole.

· The amplitude of CSF pulse varies across the foramen magnum, being very slight above and considerably significant below it.

· There are hardly any pulsations in the lateral ventricles, but are pronounced in the mid third ventricle and distally. This to and fro movement has an amplitude of 5-6 mm in the third ventricle. The distal movement always corresponds to the arterial systole and this movement is more rapid than proximal movement.

Du-Boulay (1996) suggested, based on the above that the pump action consists largely of a rhythmic squeeze between the two thalami, driven together by systolic brain expansion (as there is little movement of CSF proximal to mid third ventricle). Pulsations in the basal cisterns arise partly from expansion of main arteries and partly from the displacement of fluid by expanding brain. Another explanation of the CSF pulsations in the CNS is that, during systole the arterial blood enters the closed cranial cavity and brain at a faster rate than venous blood exiting out. This results in a net increase in the blood volume, which is then compensated by brain motion and CSF flowing out of the ventricles into the spinal canal. The reverse flow of CSF occurs during diastole as the outflow of venous blood is faster than the arterial blood flowing into the system (Feinberg et al, 1987; Quencer et al 1989; Thomsen et al, 1990; Enzmann et al, 1992; Nitz et al, 1992; Bradley et al, 1996).

(b) Detection of CSF flow by cine MRI:

Intracranial and intraspinal CSF flow can be evaluated by use of cardiac gated gradient echo magnetic resonance imaging (MRI) technique (Quencer et al, 1990). This avoids performing invasive techniques to study CSF flow as used before MRI era (Lane et al, 1974). The normal patterns of pulsatile CSF flow within the ventricular system and the cranio-spinal subarachnoid space have been studied by MRI techniques (Quencer et al, 1990). Utilizing these techniques the cranio-caudal to and fro movement of CSF in different regions of brain have been verified e.g. the aqueduct of sylvius, foramen of magendie and the basal subarachnoid spaces. The relationship between cardiac cycle and CSF pulsations can be shown both qualitatively (cine / magnitude reconstruction images) and quantitatively (phase reconstruction MR images) (Post et al, 1988 ; Quencer et al ,1989; Post et al, 1989; Hinks et al, 1989). The flow velocities can then be determined more accurately from phase images, while the cine images demonstrate any obstruction or abnormal turbulence in the flow.

(c) Technique of image acquisition:

MR images of the head are obtained in mid-sagittal plane of brain to show the CSF pathways in continuity. The study is cardiac gated and uses a reduced flip angle gradient echo technique. The TR (repetition time) is determined by the patient’s R-to-R interval, a TE (echo time) of 18 cms and a section of 6 mm (Quencer et al, 1990). Multiple images are obtained in the same plane (called the ‘cine frames’) during an R-to-R interval, starting immediately after the R-wave, each at 50 ms interval (‘cine frame rate’) to within 200 ms of the next R-wave (‘the dead time’) to allow the scanner to wait for the next heart beat, so improving the timing and accuracy of the cine study. Quantitative flow is obtained by acquiring sets of flow sensitised and flow desensitised images at the same time. The data from these two is subtracted from each other to get data showing phase shifts due to flow alone. This phase shift (0 – 360 degrees) is then used to calculate the CSF velocity. On the MR image the velocity of each pixel of CSF (mm/s) is shown in grey scale intensity. As a convention caudal flow of CSF is seen as a hyperintense signal on phase/ quantitative pictures while cranial flow is depicted as hypointense signal (Quencer et al, 1990).

(d) Normal patterns of intracranial CSF flow on MRI:

1- Cine / qualitative measurements:

In normal subjects with a patent aqueduct, the downward flow of CSF is maximally shown 175 to 200 ms after the R wave of electrocardiogram. This caudal flow of CSF through aqueduct is preceded by outflow of CSF from fourth ventricle via the foramen of magendie in the sagittal plane (Quencer et al, 1990). In the middle of the cardiac cycle a rostral wave of CSF is seen as a reverse pulse through the aqueduct. Between these pulses, no fluid motion is detected.

Normally some degree of flow can be appreciated in the posterior third ventricle, foramen of monro and rostral and caudal fourth ventricle. CSF pulsations can be seen in basal cisterns but not in the lateral ventricles.

2- Phase / quantitative measurements:

Phase measurements can show bidirectional flow of CSF and velocities of flow can be measured. Phase images are usually obtained in the axial plane (perpendicular to the aqueduct of Sylvius. Since the aqueduct normally measures 2-3 mm, the slice thickness of 5-6 mm causes volume averaging and results in lower calculated CSF velocity than the actual velocity (volume averaging of static material within a given voxel). Caudal aqueductal CSF flow velocities of 3.7 to 7.6 mm sec-1 have been measured in normal subjects (Quencer et al, 1990).

(e) Parameters of CSF flow dynamics on MRI:

Different parameters of CSF flow can be studied on MRI. These include:

1- Temporal parameters e.g. time to peak flow

2- Velocity e.g.: maximum / peak velocity

3- Flow e.g.: flow volume / CSF stroke volume / average CSF flow

4- The amplitude of CSF flow pulse

1- Time to peak flow:

A comparison of time to peak flow within the cardiac cycle in NPH patients and normal volunteers was studied by Gideon et al (1994). They did not find any significant difference in this parameter in the two groups (Gideon et al, 1994).

2- Peak CSF flow velocity:

The peak CSF flow velocity through cerebral aqueduct is easy to measure. It has an added advantage of having little inter-observer variation as it measures the maximum velocity within any pixel in the selected area. The velocity measurement will however depend on the diameter of cerebral aqueduct at the level of measurement as well as the angle of axial slice through the aqueduct.

3- Flow volume / Stroke volume measurements:

These are independent of the above two confounding factors. Nitz et al (1992) and Bradley et al (1992) used this parameter to analyse their results. The stroke volume in healthy subjects was reported around 10.5 uL and a value of more than 42 uL was related to increased likelihood of improvement after shunting (Bradley et al, 1992).

A measure of flux difference has been utilised. It is defined as the difference between the maximum rostral and caudal flux in millimetres per second (Barkhof et al, 1994; Egeler- Peerdeman et al, 1998). Peak-to-peak volume flow measures the difference between the maximum rostral and caudal flow (in ml min-1). It is approximately 7 ml min-1 in healthy adults and increased to about 22 ml min-1 in patients suffering from NPH (Gideon et al, 1994). Average CSF flow is a measure of the average volume of CSF flowing through the aqueduct during the entire cardiac cycle (ml min-1). This parameter is not as affected by the heart rate as would be the stroke volume and flux difference calculations. Leutmer et al (2002) used this technique to show their results. (Stroke volume can be calculated from this if the HR is known).

4- Amplitude of CSF pulse:

It can be visualised on a time versus flow charting of the CSF pulse as obtained through software analysis of CSF pulse on MRI. It gives us an idea of net velocity of CSF at any given time during cardiac cycle.

2.2 - MEASUREMENT OF AQUEDUCTAL CSF FLOW IN PATIENTS WITH NORMAL PRESSURE HYDROCEPHALUS, UTILIZING PHASE CONTRAST MRI:

Leutmer et al (2002) suggested that aqueductal velocities of more than 18 ml min-1 were predictive of good outcome after shunting. It has been suggested (Bradly et al, 1992; Dixon et al, 2002) that phase contrast MR measurements of aqueductal CSF flow may be helpful in making the diagnosis of NPH but they could not show any statistical significance between the flow rate and post shunting outcome in these patients. Similarly a normal aqueductal CSF flow value does not indicate that the patient would not benefit from V-P shunting if there are clinical features of NPH (Jack Jr et al, 1987; Dixon et al, 2002). Fourteen patients in their study had normal MR flow (≤ 18 ml min-1), of which ten (71%) improved in gait after V-P shunting (Dixon et al, 2002).

An association has also been found between increased aqueductal flow and the duration of symptoms in NPH patients (Egeler –Peerdeman et al, 1998). Bradly et al (1996) calculated the aqueductal CSF stroke volumes in patients who were investigated for NPH. They defined it as the average of the volume of CSF moving cranio-caudal during systole and caudo-cranially during diastole in a single heart cycle. It was calculated from measurements on phase-contrast CSF velocity MR images. Their results showed that all patients with an aqueductal CSF stroke volume greater that 42 uL improved after CSF diversion, thus giving a positive predictive value of 100%. The negative predictive value of this stroke volume was calculated to be 50% in their study. The high flow velocities were indicative of hyperdynamic CSF flow, which is due to decreased intracranial compliance in these patients. This has been demonstrated by Mase et al (1998) who measured the intraventricular pulse pressure, intracranial pressure and the pulse-volume response by injecting 5 ml of saline for 5 sec into the ventricles during shunt surgery of NPH patients (Mase et al, 1998). Although the use of stroke volume calculations from MRI studies for selection of shunting in NPH patients have been advocated by Bradley et al (1996), Mase et al (1998) and Kim et al (1999), Dixon et al (2002) and Bateman et al (2005) have argued against its use. Luetmer et al (2002) calculated the average flow of CSF at the cerebral aqueduct in normal elderly patients, patients with Alzheimer’s disease, other forms of dementia and patients with idiopathic NPH. They recorded an average flow of 8.47 ml min-1 (SD 4.23; range 0.9 - 18.5 ml min-1) in non-NPH patients and 27.4 ml min-1 (SD 15.3, range 3.13 - 62.2 ml min-1) in patients with NPH. They finally concluded that a flow of less than 18 ml min-1 with a sinusoidal flow pattern was normal and a value of more than this was indicative of idiopathic Normal Pressure Hydrocephalus (Luetmer et al, 2002). Dixon et al (2002) have recommended the use of MRI aqueductal CSF flow measurements in those patients where the clinical decision regarding shunting is not clear cut e.g. no improvement after large volume lumbar puncture. If the flow is higher in these patients (> 33 ml min-1) then it is very likely that they would improve after shunting (Dixon et al, 2002). Kahlon et al (2007) calculated the stroke volume of CSF through aqueduct utilizing cine phase contrast MRI and studied its relation with the CSF tap test, lumbar infusion test and post operative outcomes in shunted patients. They made the decision for shunting based on routine clinical assessment (including lumbar puncture and lumbar infusion test) and the results of stroke volume measurements were not available for decision making (Kahlon et al, 2007). They reported that although the mean stroke volume in patients elected for shunting was higher (95 ± 78 uL) than those who were not (66 ± 53 uL) but the difference did not reach statistical significance. There was also no statistically significant correlation between CSF stroke volume and lumbar puncture response and lumbar infusion test (including lumbar opening pressure, plateau pressure or the resistance to CSF outflow). However, they found weak correlations between CSF stroke volume and the initial pulse amplitude and the plateau pulse amplitude in lumbar infusion test.

2.3- MEASUREMENT OF CSF FLOW IN THE ANTERIOR SUBARACHNOID SPACE AT C2/3 LEVEL IN PATIENTS WITH NORMAL PRESSURE HYDROCEPHALUS, UTILIZING PHASE CONTRAST MRI:

Katayama et al (1993) utilised phase contrast cine MRI to measure the CSF flow in the anterior subarachnoid space at C2/3 level instead of cerebral aqueduct. They described the normal characteristics of flow in healthy volunteers and studied the different patterns of flow in patients with NPH. Furthermore, they repeated their studies in patients after they received the shunt, observed the changes and correlated these with the outcome (Katayama et al, 1993). In normal subjects the CSF keeps flowing cranially up-till 70 m sec after the start of R-wave on ECG. After this time the direction of flow is reversed. The caudal flow reaches its maximum velocity at around 190 m sec after the R-wave and then changes its direction again (Fig 01) (Katayama et al, 1993).  The mean of the maximum velocity of CSF in the anterior subarachnoid space (at C2/3 level) in normal subjects has been reported to be 46.6 ± 1.3 mm sec-1 (mean ± SEM) and the amplitude as 74.1 ± 3.6 mm (Katayama et al, 1993). The maximum velocities of the cranial to caudal CSF flows were lower than 9.0 cm sec-1 in all healthy subjects (Katayama et al, 1993). Katayama et al (1993) have described the following four different patterns of CSF flow in patients with NPH (Fig 02):

Type 0: Normal flow pattern (Caudal maximum velocity = 51.9 mm sec-1)

Type I: Mildly disturbed flow pattern–there was a delay of more than 190 m sec of the caudal peak flow and amplitude was slightly lower than the normal flow pattern (caudal maximum velocity = 41.1 mm sec-1 (mean))

Type II: Moderately disturbed flow pattern. The caudal peak flow was not apparent, although the CSF flow through the aqueduct was remarkable of phase images (30.6 ± 13.00 mm sec-1 (mean ± SEM)).

Type III: Severely disturbed flow pattern. Amplitude of wave on time-velocity flow profile graph was very small and no flow through aqueduct was identified (11.8 ± 1.6 mm sec-1 (mean ± SEM)).

Based on the above criteria, the following observations were made by them.

· The amplitude of to and fro movement of CSF progressively decreases with advancing NPH. The decrease in this amplitude is more significant in the caudal flow (Systolic phase of the cardiac cycle).

· There was a statistically significant correlation between the degree of clinical symptoms and the amplitudes of to and fro movement of CSF flow (Worsening symptoms = decreasing CSF pulsations).

· The amplitude of pulse wave (as plotted on time-velocity flow profile) increased in all patients who showed clinical improvement after the shunting procedure and decreased in patients who did not.

The above correlation can be used clinically to determine the shunt patency as well (Katayama et al, 1993).
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Fig 01: Graph showing the time-velocity flow profiles (TVFPs) of the 12 normal volunteers using a 9.0 cm sec-1 velocity encodings are shown. These TVFPs show a consistent pattern. The cephalic CSF flow continued until 70 m sec after the R wave and the flow reversed to caudal. The caudal CSF flow reached the maximum velocity (46.6 ± 1.3 mm/sec) at 190 m sec and then the flow reversed again to cephalic. Values are mean ± SEM (Taken from Katayama et al, 1993).
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Fig 02:  Graphs showing the time-Velocity flow profile (TVFP) of the patients with types 0, I, II and III. a: The TVFP of the patient with type 0 was similar to that of normal subjects. b: The TVFP of the patient with type I was also similar to that of the normal subjects. However, the caudal peak flow appeared later than 190 m sec after the R-wave and that the amplitude slightly decreased compared with normal TVFP. c: The caudal peak flow was not apparent in the TVFP type II. d: The amplitude of the CSF pulsatile flow decreased in the TVFP type III (Taken from Katayama  et al, 1993).

AIMS AND OBJECTIVES

1- To study the patterns of CSF flow dynamics in patients affected with Normal Pressure Hydrocephalus.

2- To ascertain whether MRI CSF flow characteristics can help to select patients who would respond favourably to ventriculo-peritoneal shunting.

MATERIALS AND METHODS

1-  PATIENT SELECTION AND EVALUATION:

The patients referred to the Department of Neurosurgery at Royal Preston Hospital from June 2004 till December 2007 with a suspected diagnosis of Normal Pressure Hydrocephalus (NPH) were recruited in the study. They were studied irrespective of their age, gender, ethnicity, associated medical conditions and previous investigations for NPH.

The protocol for the study and methodology were approved by the Central Organizations for Research Ethics Committees (COREC), the Research and Development Directorate of Lancashire Teaching Hospitals NHS Trust and the ethics committee of faculty of science and technology at the University of Central Lancashire.

In addition to going through the clinical history, examination and radiological investigations, all patients had objective assessment of their dementia, walking and urinary control before and after drainage of two hundred ml of CSF via a lumbar drain over 48 hrs (Malam et al, 1995). The CSF samples obtained from the patients were collected in small plastic containers and stored at –70o C. These samples were later on used for biochemical analysis. The degree of dementia was determination by mini-mental score (MMS) and different neuropsychological tests including national adult reading test, Beck depression inventory score, Verbal fluency test, and clock drawing test. Gait was assessed by noting time and the number of steps taken to walk a distance of 10 meters as well as time and the number of steps taken to perform a 360-degree turn. All patients underwent Lumbar puncture to determine the opening pressure of CSF and Lumbar Constant infusion / Dutch test (Marmarou et al, 2005) to calculate the resistance to out-flow of CSF. 

A comparison was made between the pre and post-CSF drainage observations. The decision regarding the surgical treatment of hydrocephalus was based on improvement in the patient’s clinical condition along with a high CSF out-flow rate. Phase contrast cine MRI scans were also performed for the patients before and after drainage of 200 ml of CSF. Data on CSF flow parameters from these scans did not influence the surgical decision-making. 

2– DISTRIBUTION OF PATIENTS:

A total of forty patients had cine phase contrast MRI scans. Due to various reasons all the patients could not have two scans (before and after lumbar drainage of CSF). Seventeen patients had only pre-drainage scan (labeled as group one) while twenty three had two scans each (placed in group two). However two patients from group two were excluded as their scans could not be analyzed due to technical reasons. This reduced the number of patients in the second group to twenty one.

3 – CINE PHASE CONTRAST MRI SCANS:

All the MRI scans were performed at the Royal Preston Hospital. The scanner used was Siemens 1.5 Tesla (T), Magnetom Symphony, Maestro class with a super conductor magnet system. This scanner used a RF coil with centrally polarized head array. The MRI examination was initialized with a localizing sequence containing one image in each plane of the head (sagital, coronal and axial – Fig 03). From these scans two more detailed sequences were acquired to help position the coil for the final CSF flow sequences. The first of these was T2 weighted axial images of the whole head (Fig 04(a)) which helped to position the slice in the plane of cerebral aqueduct (in-plane axial image). This image had a repetition time (TR) of 3000.0 sec, echo time (TE) of 86.0, Time to acquire (TA) of 02:12 and Band Width (BW) of 130.0. The field of view (FoV) was rectangular measuring 230 mm antero-posteriorly and 201 mm from side to side. The image matrix was 512 antero-posteriorly and 380 from side to side (512 x 380). The flip angle was 150 degrees, voxell size of 1.1 x 0.9 x 5 mm, inter-slice thickness of 5mm and phase direction from side to side.

The second image was a heavily weighted T2 sagital image (also called CISS= constructive interference in steady state). This helped to position the slices perpendicular to the cerebral aqueduct (the through plane sequence of flow) (Fig 04(b)). It had a TR of app. 11.1, TE of 5.5, TA of 03:32, BW of 130.0, FoV of 225 x 300, image matrix of 384 x 512, flip angle of 70o, slice thickness of 1mm and phase direction from front to back.

After obtaining the above base line scans, three CSF flow in-plane images (called the rephrased, magnitude and phase images – Fig 05) were taken with three different velocity encodings (6, 10 and 20). Pulse oximetry was used to get MRI images synchronous to the cardiac cycle of the patient. The different velocity encodings were applied to identify the velocity that gave the best image characteristics to measure the CSF flow velocity on through-plane images. The rephrased, magnitude and phase images had a TR of app. 43.0, TE of 12.0, BW of 105.0, FoV of 240 x 240 (square FoV), matrix size of 192 x 256, a slice thickness of 4 mm and TA was variable depending on the heart rate of each patient. The through-plane images were positioned 90o to the axis of the cerebral aqueduct (Fig 04(b)). Rephased, magnitude and phase images (Fig 06) were acquired which had the following characteristics: TR of app. 37.0, TE of 9.0, FoV of 160 x 160, image matrix of 256 x 256 and TA was dependant on the heart rate of the patient.

4 - CALCUALTION OF CSF FLOW PARAMETERS:

The axial through-plane images were analyzed to get the CSF flow characteristics through the cerebral aqueduct. The Siemens based computer software ‘Argus’ was used to calculate the peak velocity, average velocity, average flow over range, forward volume, reverse volume and net forward volume of CSF through the cerebral aqueduct. The software required manual selection of the aqueductal area (region of interest) on an axial flow image (Fig 07(a)) and ‘propagation’ of selected area through all the images (Fig 07 (b)) by pressing an icon on the screen.
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(a)                                              (b)                                            (c)

Fig 03: Photographs showing the initial localizing T1 weighted MRI scan pictures in sagital (a), coronal (b) and axial (c) planes (These photographs are typical of 63 separate scans performed for this study).
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      (a)                                                                (b)

Fig 04: Photographs showing (a) T2 weighted axial image of the brain at the level of third ventricle, dotted line indicating the plane through the cerebral aqueduct (b) T2 weighted mid-sagital image of the brain with the dotted line indicating the plane through the cerebral aqueduct at the level of midbrain (These photographs are typical of 63 separate scans performed for this study). 
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(a)                                              (b)                                             (c)

Fig 05: Photographs showing in-plane rephrased (a), magnitude (b) and phase images (c) of CSF flow MRI scans (These photographs are typical of 63 separate scans performed for this study).
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(a)                                               (b)                                             (c)

Fig 06: Photographs showing the through-plane rephrased (a), magnitude (b) and phase images (c) of CSF flow MRI scans. The red circle indicates the cross-section of aqueduct in each picture (These photographs are typical of 63 separate scans performed for this study).
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(a)
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(b)

Fig 07: Photographs showing the through-plane flow images of the brain used to calculate the flow parameters of CSF through cerebral aqueduct. The picture a, demonstrates the selection of area of aqueduct as red circle and a stationary area of the brain as purple circle. These areas were then propagated through the rest of the flow images to get the final values of CSF flow – picture b (These photographs are typical of 63 separate scans performed for this study).

A stationary reference area was selected in the brain parenchyma and propagated similarly (Fig 07 a and b). The software then gave the above CSF parameters by pressing the ‘results’ icon on the screen. The computer also generated graphs showing velocity vs time, peak velocities vs time, flow vs time, net flow vs time and area vs time.  

5 – DATA COLLECTION AND STATISTICAL ANALYSIS:

The data were collected from the patient notes and records. A spread sheet of patient characteristics and relevant data were made. The Statistical soft ware SPSS version 15 was used to get the analysis of variance, the P values, stepwise multiple regression, Pearsons correlation and the graphs and charts. Descriptive data was given as mean ± standard deviation (SD). P value of less than 0.05 was considered significant.

RESULTS

In this study 63 scans were performed on 40 patients and 17 out of 40 patients had one scan only. Out of 23 patients who had two scans (before and after the drainage of CSF), two pre-drainage scans had technical problems and the data from these were not available for analysis. Therefore, 21 patients had the available data for both pre and post drainage scans, while two patients had only post-drainage scans which were not included into the analysis. Of all the patients, 23 were men and 17 were women. Their age range was between 42 and 87 years, with a mean of 70.5 years. The patient’s characteristics are shown in table 01. Most of the patients were suffering from different age related medical conditions including diabetes mellitus, asthma, hypertension, cardiac problems etc. For purpose of description the patients have been divided into two groups. Group one being patients with one scan only while patients in group two had two scans each.

1: Group one:

This group included 17 patients (pre-drainage scans), 10 male and 7 female. Six out of 17 patients who had single pre-drainage scan underwent ventriculo-peritoneal shunting (4 males and 2 females). The decision to shunt them was based on the clinical grounds i.e. clinical improvement after lumbar drainage of CSF. 11 patients who did not receive a V-P shunt acted as the control in group one (6 males and 5 females). The flow characteristics of shunted and un-shunted patients in this group are shown in table 02. Table 03 shows the mean flow parameters for shunted and un-shunted patients, along with the standard deviation and standard error for each variable. The values with negative signs indicate that the flow was directed cranially, while positive values show flow in the caudal direction. The shunted and un-shunted patients were compared with respect to all the variables. The differences in their means did not reach statistical significance. The P values for peak velocity, average velocity, average flow over range, forward volume, reverse volume and net forward volume were 0.567, 0.621, 0.929, 0.416, 0.449 and 0.948, respectively. 

Table 01: General characteristics and medical history of patients.

	Patient No. 
	Age
	Gender
	Medical History

	1
	55
	f
	Asthma, 

	2
	48
	m
	Alcohol abuse, Depression

	3
	76
	m
	Asthma, Hypertension, stroke, Tremors

	4
	84
	m
	Asthma, Myocardial Infarction

	5
	76
	m
	Asthma, recurrent chest infections, myocardial infarction

	6
	57
	m
	Nil Significant

	7
	80
	f
	Ovarian Cancer, Anemia, Diverticulosis, Hypertension, trigeminal neuralgia

	8
	71
	m
	Severe Head Injury, Dysphasia, Epilepsy

	9
	71
	f
	Meningitis, Hypertension, Tremor, angina

	10
	74
	m
	Mild head injury as child, dementia like illness in father,

	11
	47
	m
	Brain Tumor, Glaucoma, chemo & radiotherapy

	12
	84
	m
	Diabetes Mellitus, Angina, cataract, kidney stones, varicose veins

	13
	80
	m
	Diabetes Mellitus, Angina, Myocardial Infarction, Prostatic Cancer, pleural plaques

	14
	72
	m
	Previous Traffic Accident, left below knee amputation, hemorrides, deafness

	15
	81
	m
	Hypertension, Hemochromatosis, Pagets, chronic prostatitis, gastric ulcer, lumbar surgery

	16
	66
	f
	Mild head injury, Asthma

	17
	67
	m
	Schizoaffective disorder

	18
	62
	m
	Epilepsy,  ? Alzheimer's

	19
	74
	m
	Stroke, TIA, osteoporosis, angina, hypertension, cardiac stenting,

	20
	69
	f
	Significant head injury, fracture NOF, basal cell carcinama, stroke

	21
	87
	f
	Carcinoma of colon, pernicious anemia, Fracture NOF, gastritis, esophageal dysmotility, Atrial fibrillations

	22
	71
	f
	Osteoporosis, arthritis

	23
	86
	f
	Sub-Arachnoid Hemorrhage, hypertension, varicose veins

	24
	79
	m
	Hyperlipedemia, renal artery stenosis, macroproteinuria

	25
	76
	m
	Hypertension, asthma, fracture leg

	26
	75
	f
	DM II, Ischemic heart disease, Cystocele, osteoarthritis, hypertension, ovarian cyst

	27
	66
	f
	Meningioma excision

	28
	86
	f
	Nil Significant

	29
	61
	f
	Hypomanic illness & affective disorder

	30
	64
	m
	stroke, Pulmonary embolism,

	31
	42
	m
	epilepsy 

	32
	63
	f
	Cholecystectomy

	33
	71
	f
	Cerebrovascular Accident, depression, TIAs,

	34
	65
	m
	Post fossa meningioma excision

	35
	85
	m
	Hypertension, peripheral vascular disease, IHD, Duodenal ulcer, prostatism, AF, varicose veins

	36
	78
	f
	Thyroidectomy, DM II, IBS, Osteo-arthritis, cholecystectomy, lapratomy

	37
	62
	f
	Stroke, hypertension

	38
	80
	m
	Hypertension

	39
	53
	f
	Debulking of astrocytoma 

	40
	78
	m
	Nil Significant


Table 02: The CSF flow characteristics of shunted (A) and un-shunted (B) patients in group one:

	patient no
	Peak Velocity (cm/sec)
	Average Velocity (cm/sec)
	Average flow over range (ml/sec)
	forward volume (ml)
	reverse volume (ml)
	net forward volume (ml)

	1
	-6.43
	0.543
	0.021
	0.041
	0.027
	0.014

	3
	-5.88
	0.822
	0.026
	0.048
	0.028
	0.021

	5
	-8.39
	-0.178
	-0.004
	0.047
	0.051
	-0.004

	8
	-2.6
	-1.02
	-0.077
	0
	0.053
	-0.053

	9
	-1.47
	0.123
	0.004
	0.006
	0.003
	0.003

	10
	4.35
	0.656
	0.03
	0.043
	0.019
	0.025


                (A) CSF flow characteristics of six shunted patients:

	patient no
	Peak Velocity (cm/sec)
	Average Velocity (cm/sec)
	Average flow over range (ml/sec)
	forward volume (ml)
	reverse volume (ml)
	net forward volume (ml)

	2
	16.24
	-3.2
	-0.114
	0.058
	0.136
	-0.078

	4
	-3.72
	0.224
	0.009
	0.021
	0.013
	0.008

	6
	-9.22
	0.25
	0.009
	0.046
	0.038
	0.008

	21
	-2.43
	-0.352
	-0.02
	0.004
	0.014
	-0.01

	24
	-4.46
	0.114
	0.005
	0.02
	0.017
	0.003

	25
	-3.16
	0.221
	0.016
	0.029
	0.016
	0.013

	29
	2.34
	-0.123
	-0.005
	0.005
	0.009
	-0.004

	33
	5.85
	1.33
	0.064
	0.044
	0.007
	0.037

	35
	4.39
	0.455
	0.035
	0.053
	0.023
	0.03

	36
	-10.66
	-0.097
	-0.01
	0.077
	0.084
	-0.007

	37
	-9.54
	0.113
	0.033
	0.255
	0.232
	0.022


             (B) CSF flow characteristics of eleven un-shunted patients:
Table 03: Data showing the mean, standard deviation and standard error of shunted and un-shunted patients for different flow parameters (group one patients).

	FLOW PARAMETERS
	N
	Mean
	Std. Deviation
	Std. Error

	Peak Velocity                          Shunted

                                            Unshunted

                                                     Total 
	6

11

17
	-3.4033

-1.3064

-2.0465
	4.57512

8.02005

6.91440
	1.86779

2.41813

1.67699

	Average Velocity                    Shunted


                                Unshunted

                                                     Total
	6

11

17
	.15767

-.09682

-.00700
	.683949

1.115730

.969500
	.279221

.336405

.235138

	Average Flow Over Range      Shunted

                                            Unshunted

                                                     Total
	6

11

17
	.00000

.00200

.00129
	.039945

.045089

.042074
	.016307

.013595

.010204

	Forward Volume                     Shunted

                                           Unshunted

                                                   Total
	6

11

17
	.03083

.05564

.04688
	.021794

.069895

.057888
	.008897

.021074

.014040

	Reverse Volume                      Shunted

                                            Unshunted

                                                     Total
	6

11

17
	.03017

.05355

.04529
	.019146

.071310

.058526
	.007816

.021501

.014195

	Net Forward Volume               Shunted

                                            Unshunted

                                                     Total
	6

11

17
	.00100

.00200

.00165
	.028601

.030437

.028894
	.011676

.009177

.007008


            (A)
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Fig 08: Histograms showing the range of peak velocities of shunted (A) and un-shunted patients (B) in group one. The mean peak velocity of shunted patients was -3.40 ± 4.575 cm sec-1 (n=6). The mean peak velocity of un-shunted patients was -1.31 ± 8.02 cm sec-1 (n=11). P= 0.567.



Fig 09: Box plot showing the distribution of peak velocities in shunted and un-shunted patients in group one. The lower and upper whiskers indicate the lower and upper range of peak velocities in each group of patients. The shaded box highlights the data from 25th to 75th percentile while the dark line within each box shows the median (For shunted patients: n= 6; un-shunted patients: n= 11) P = 0.567.
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Fig 10: Histograms showing the average velocity vs frequency distributions for shunted (A) and un-shunted (B) patients in group one. The mean average velocity for shunted patients was 0.158 ± 0.684 cm sec-1 (n=6) while the mean average velocity for un-shunted patients was -0.097 ± 1.116 cm sec-1 (n=11) P = 0.621.


Fig 11: Box plot showing the distribution of average velocity in shunted and un-shunted patients in group one. The lower and upper whiskers indicate the lower and upper range of average velocities in each group of patients. The shaded box highlights the data from 25th to 75th percentile while the dark line within each box shows the median of average velocity. The stars indicate the outliers. N = 6 and 11 for shunted and un-shunted patients, respectively. P = 0.621.
         (A)

        (B)

Fig 12: Histograms of shunted (A) and un-shunted patients (B), showing the data of average flow over range – group one. The mean value for shunted patients (n=6) was -8.67 ± 0.040 ml sec-1, while for the un-shunted patients (n=11) it was 0.002 ± 0.045 ml sec-1. The P value was 0.929.            


Fig 13: Box plot showing the average flow over range in shunted and un-shunted patients. The whiskers indicate the range of data for both shunted and un-shunted patients. Each shaded box covers the 25th and 75th percentile while the dark lines in the boxes represent median values of average flow over range. The small circle and star represent the outliers. N was 6 and 11 for shunted and un-shunted patients respectively while the p value was 0.929.
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Fig 14: Histograms showing the data of forward volume in shunted (A) and un-shunted patients from group one. The mean values of forward volume for shunted (n=6) and un-shunted patients (n=11) were 0.031 ± 0.022 ml and 0.056 ± 0.070 ml respectively. The p value was 0.416.


Fig 15: Box plot showing the comparison of forward volume in shunted (n=6) and un-shunted (n=11) patients from group one. The whiskers show the range of forward volume in each group (shunted and un-shunted), the boxes represent the data from first to third quartile while the bars within the boxes show the median for each. The star represents the outlier. The p value was 0.416, indicating no significant difference between the two.
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Fig 16: Histograms showing the reverse volume in Shunted (A) and un-shunted patients (B) in group one. The mean reverse volume in shunted patients (n=6) 0.030 ± 0.019 ml was not significantly different from that of the un-shunted patients (n=11) 0.054 ± 0.071 ml. The calculated p value was 0.449.


Fig 17: Box plot showing the comparison of reverse volume in shunted (n=6) and un-shunted (n=11) patients from group one. The upper and lower whiskers demarcate the ranges of data. Shaded boxes represent the values from first to third quartile. The median fro each is shown as dark bar within each box. The outliers are indicated by small circle and star. There was no significant difference between the values for shunted and un-shunted patients as the calculated p value was 0.449.
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Fig 18: Histograms showing the net forward volume in shunted (n=6) (A) and un-shunted (n=11) patients (B) from group one. The mean net forward volume in shunted patients was 0.001 ± 0.029 ml. un-shunted patients had a mean net forward volume of 0.002 ± 0.030 ml. There was no statistical difference between the two (P = 0.948).

Fig 19: Box plot showing the comparison of shunted (n=6) and un-shunted patients (n=11) in relation to the net forward volume in group one. The boxes show the first to third quartile of the range, while the whiskers indicate the whole range of data. Outliers are depicted by circle and star while the solid bars within the boxes represent the median of each. The p value for the difference of mean values of shunted and un-shunted patients was 0.948.

Pearson correlation was performed on the CSF flow variables and the results indicated that reverse volume and forward volume were quiet related to each other (value = .877). The correlation between net forward volume and average velocity was even greater, to the value of 0.994. The comparison and relationship of flow parameters between shunted and un-shunted patients are shown diagrammatically in Figs 08 to 19.

2: Group two: 

The second group comprised of those patients who had two scans each – one before and the second after drainage of CSF. This group comprised of 21 patients. Ten patients in this group received a shunt while 11 patients did not. Again, the decision regarding shunting was based on usual clinical grounds and the CSF flow parameters were not taken into account to get to that decision. Amongst the 10 shunted patients, 6 were males while 4 were females. Their age range was from 42 to 81 years with a mean of 66.4 years. Of the 11 un-shunted patients 5 were males while 6 were females. Their age ranged between 47 and 86 years. The mean age of the un-shunted patients was 72.4 years. The flow characteristics of shunted and un-shunted patients before and after drainage of CSF are shown in table 04 and 05, respectively.

Since these patients had two scans each, the values for six flow parameters were available before and after drainage of CSF via the lumbar drain. To get a correlation between the change in the flow parameters and the shunted status, a difference between the post drain and pre-drain value was calculated for each given parameter. This data were put through the statistical software and P values were calculated for each calculated difference. The results are described separately for each as under:

1- Difference between peak velocities:

The mean difference between peak velocities in the shunted patients was -0.718 (standard error of 3.337; 95% confidence interval of -7.702 to 6.266). For the un-shunted patients the mean difference between peak velocities was -6.515 (standard error of 3.181; 95% confidence interval of -13.174 to 0.143). The P value was 0.224 and thus did not reach significance. In pairwise comparison between shunted and un-shunted patients, with the dependent variable as difference between peak velocities, the mean difference was 5.797 (standard error = 4.610; 95% confidence interval for difference -3.852 to 15.447). The range of difference in peak velocities among shunted and un-shunted patients is shown in Fig 20, while the comparison is represented in the graph of Fig 21.

2- Difference between average velocities:

The mean difference between average velocities was 0.150 for shunted (standard error = 0.280; 95% confidence interval lower bound -0.436, upper bound 0.735) while for the un-shunted patients the mean was 0.786 (standard error =0.267; 95% confidence interval lower bound 0.228, upper bound 1.345). The pairwise comparisons showed a mean difference of 0.637 (standard error of 0.386; 95% confidence interval range of -1.446 – 0.172). P value came out as 0.116, thus null hypothesis could not be rejected. The data are presented in graphical form in Fig 22 and Fig 23.

3- Difference between average flows over range:

The P value for this variable was 0.712. The mean difference in shunted patients was 0.032 (Standard error of 0.021; 95% confidence interval range of –0.011 to 0.075) and 0.021 for un-shunted patients (Standard error of 0.020 and 95% confidence interval of –0.020 to 0.063). Pairwise comparisons showed mean difference of 0.11 (standard error of 0.028). Fig 24 and 25 show the range of difference between average flows over range and comparison of the data, respectively.

4- Difference between forward volumes:

Analyzing this as dependant variable yielded a P value of 0.608. The mean difference between forward volumes for shunted patients was 0.014 (Standard error of 0.012; 95% confidence interval of –0.011 to 0.040). For un-shunted patients this was 0.006 (Standard error of 0.012; 95% confidence interval of –0.19 to 0.030). The mean difference on pairwise comparisons was 0.009 (standard error of 0.017 and 95% confidence interval range of –0.026 to 0.044). The data is represented graphically in Fig 26 and 27.

5- Difference between reverse volumes:

The statistical value of this variable also could not reach significance, as the P value was 0.624. The mean difference between reverse volumes for shunted patients was –0.014 (standard error of 0.010; 95% confidence interval –0.035 to 0.007). It was –0.007 for un-shunted patients (standard error of 0.009; 95 % confidence interval –0.27 to 0.013). The mean difference of pairwise comparisons came out as 0.007 (standard error = 0.014; 95 % confidence interval of –0.035 to 0.022) (see Fig 28 and 29). 

6- Difference between net forward volumes:

The mean difference between net forward volumes as determined from the pre and post- drainage MRI scans was 0.029 for shunted (standard error 0.014; 95% confidence interval range of –0.002 to 0.059) and 0.013 for un-shunted patients (standard error of 0.014; 95% confidence interval range of –0.016 to 0.042). Pairwise comparisons showed mean difference of 0.16 (standard error of 0.020 and 95% confidence interval of –0.026 to 0.057). The P value was calculated as 0.438, thus not achieving statistical significance (see Fig 30 and 31).

7- Stepwise multiple regression:

Stepwise multiple regression analysis was used to find out the effect size of combinations of differences in parameters of flow on the dependant variable (the shunt status). Four regression models were generated by SPSS multiple regression software. All four models had large effects on the dependant variable (46.8%, 46.8%, 46.7% and 46.5% respectively). Analysis of variance showed significant P values of regression for models 3 (difference between peak velocities, difference between reverse volumes, difference between average velocities, difference between forward volumes) and 4 (difference between reverse volumes, difference between average velocities, difference between forward volumes) , with calculated P values of 0.031 and 0.012, respectively.

Looking at the unique contribution of each variable towards the shunt status, the difference between average velocities, difference between reverse volumes and difference between forward volumes achieved statistical significance in that order.

8- Pearson Correlation:

The values of Pearson correlation are shown in table 06. The following parameters shared good correlation:

· Difference between average velocities and the difference between average flows over range (0.764).

· Difference between average flows over range with difference between net forward volumes (0.970).

· Difference between forward volumes with difference between net forward volumes (0.736).

Table 04: Data showing the pre and post –drainage flow characteristics of ten shunted patients in group two. Note that A shows the values for pre and post-drainage peak velocities (cm/sec), pre and post-drainage average velocities (cm/sec) and pre and post-drainage average flow over range (ml/sec) while B shows the pre and post-drainage forward volumes (ml), pre and post-drainage reverse volumes (ml) and pre and post-drainage net forward volumes (ml).

(A)

	Patient no 
	Pre- drainage

Peak velocity (cm/sec)
	Post-drainage peak velocity (cm/sec)
	Pre-drainage average velocity

(cm/sec)
	Post- drainage average velocity (cm/sec)
	Pre-drainage average flow over range (ml/sec)
	Post- drainage average flow over range

(ml/sec)

	15
	-2.39
	-2.47
	0.066
	-0.174
	0.004
	-0.014

	16
	-4.46
	-4.12
	0.584
	0.129
	0.027
	0.004

	18
	-5.94
	5.95
	0.052
	0.69
	0.009
	0.089

	19
	5.06
	8.11
	-0.118
	0.874
	-0.012
	0.122

	26
	4.27
	-8.38
	-0.073
	-0.112
	-0.004
	-0.007

	27
	-6.08
	-2.15
	0.023
	0.185
	0.002
	0.039

	31
	2.09
	-2.63
	0.3
	0.235
	0.006
	0.007

	34
	-15.01
	-5.32
	-1.14
	-0.109
	-0.076
	-0.014

	38
	9.32
	-9.21
	0.11
	0.592
	0.015
	0.143

	39
	-5.61
	-5.71
	0.555
	-0.454
	0.051
	-0.026


(B)

	Patient no 
	Pre-drainage forward volume (ml)
	Post-drainage forward volume (ml)
	Pre-drainage reverse volume (ml)
	Post-drainage reverse volume (ml)
	Pre-drainage net forward volume (ml)
	Post-drainage net forward volume (ml)

	15
	0.017
	0.018
	0.015
	0.027
	0.002
	-0.009

	16
	0.032
	0.018
	0.015
	0.015
	0.017
	0.003

	18
	0.142
	0.143
	0.133
	0.082
	0.009
	0.061

	19
	0.04
	0.154
	0.049
	0.048
	-0.009
	0.107

	26
	0.016
	0.058
	0.018
	0.061
	-0.002
	-0.004

	27
	0.033
	0.039
	0.032
	0.013
	0.002
	0.027

	31
	0.006
	0.013
	0.003
	0.008
	0.003
	0.005

	34
	0.034
	0.017
	0.108
	0.031
	-0.075
	-0.014

	38
	0.195
	0.253
	0.181
	0.133
	0.013
	0.12

	39
	0.068
	0.014
	0.035
	0.031
	0.033
	-0.017


Table 05: Data showing the pre and post –drainage flow characteristics of eleven un-shunted patients in group two. Note that A shows the values for pre and post-drainage peak velocities (cm/sec), pre and post-drainage average velocities (cm/sec) and pre and post-drainage average flow over range (ml/sec) while B shows the pre and post-drainage forward volumes (ml), pre and post-drainage reverse volumes (ml) and pre and post-drainage net forward volumes (ml).

(A)

	Patient no. 
	Pre- drainage

Peak velocity (cm/sec)
	Post-drainage peak velocity (cm/sec)
	Pre-drainage average velocity

(cm/sec)
	Post- drainage average velocity (cm/sec)
	Pre-drainage average flow over range (ml/sec)
	Post- drainage average flow over range

(ml/sec)

	7
	5.16
	-8.97
	1.19
	2.04
	0.087
	0.043

	11
	15.05
	-16.48
	0.131
	1.79
	0.002
	0.044

	12
	-1.86
	-2.73
	-0.244
	-0.081
	-0.011
	-0.002

	13
	-5.07
	-3.93
	-0.541
	1.24
	-0.013
	0.054

	17
	13.8
	4.66
	-1.53
	1.58
	-0.067
	0.095

	20
	-7.64
	-4.44
	-0.911
	0.186
	-0.043
	0.018

	22
	-1.74
	-1.97
	-0.206
	0.09
	-0.007
	0.004

	23
	1.55
	4.61
	0.071
	0.374
	0.003
	0.031

	28
	9.15
	-13.26
	0.635
	0.268
	0.068
	0.025

	30
	-3.76
	-4.49
	0.228
	0.096
	0.015
	0.003

	32
	-6
	-6.03
	0.522
	0.413
	0.059
	0.014


(B)

	Patient no. 
	Pre-drainage forward volume (ml)
	Post-drainage forward volume (ml)
	Pre-drainage reverse volume (ml)
	Post-drainage reverse volume (ml)
	Pre-drainage net forward volume (ml)
	Post-drainage net forward volume (ml)

	7
	0.064
	0.035
	0.014
	0.011
	0.051
	0.024

	11
	0.041
	0.108
	0.039
	0.068
	0.001
	0.04

	12
	0.002
	0.011
	0.009
	0.012
	-0.007
	-0.001

	13
	0.018
	0.04
	0.026
	0.005
	-0.009
	0.035

	17
	0.03
	0.033
	0.076
	0
	-0.046
	0.033

	20
	0.013
	0.031
	0.044
	0.018
	-0.031
	0.012

	22
	0.005
	0.009
	0.01
	0.006
	-0.005
	0.003

	23
	0.008
	0.037
	0.006
	0.016
	0.002
	0.021

	28
	0.081
	0.062
	0.042
	0.048
	0.04
	0.014

	30
	0.02
	0.015
	0.008
	0.013
	0.011
	0.002

	32
	0.067
	0.03
	0.021
	0.019
	0.046
	0.011
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         (B)



Fig 20: Histograms showing the differences between the peak velocities in shunted (A) and un-shunted (B) patients in group two. The mean difference between peak velocities for shunted patients (n=10) was -0.718 ± 9.313 cm sec-1, while it was -6.515 ± 11.553 cm sec-1 for un-shunted ones (n=11). The p value of 0.224 did not achieve significance.


Fig 21: Box plot showing the difference between peak velocities in shunted (n=10) and un-shunted patients (n=11) in group two. The rectangles show the data in the interquartile range, the whiskers indicate the range of minimum and maximum values and the solid bars within the rectangles represent the median for each. Small circles show the outliers. There was no significant difference between the values of shunted and un-shunted patients and the p value was 0.224.
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Fig 22: Histograms showing the difference between average velocities of shunted (A) and un-shunted (B) patients in group two. The mean difference between average velocities for shunted patients (n=10) was 0.150 ± 0.648 cm sec-1. For un-shunted patients (n=11) it was 0.786 ± 1.053 cm sec-1. The p value was 0.116.


Fig 23: Box plot showing the distribution of difference between average velocities of shunted and un-shunted patients in group two. The whickers indicate the range of values for shunted and un-shunted patients. The rectangles represent the interquartile range. The median for each is depicted by solid line in the rectangles. The p value was 0.116.
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Fig 24: Histograms showing the difference between average flows over range in shunted (A) and un-shunted (B) patients in group two. The mean difference in shunted patients (n=10) was 0.032 ± 0.069 ml sec-1. For un-shunted patients (n=11) it was 0.021 ± 0.062 ml sec-1. The p value was 0.712.


Fig 25: Box plot showing the comparison of the difference between average flows over range in shunted (n=10) and un-shunted (n=11) patients in group two. The rectangles represent the values from 25th to 75th percentile while the solid lines within the rectangles indicate the median for each. The whiskers represent the range of minimum and maximum values. The p value was 0.712.
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                (B)



Fig 26: Histograms showing the difference between forward volumes in shunted (A) and un-shunted (B) patients in group two. The mean difference between the forward volume for shunted (n=10) and un-shunted patients (n=11) was 0.014 ± 0.047 ml and 0.006 ± 0.029 ml, respectively. P = 0.608.


Fig 27: Box plot showing the range of difference between forward volumes in shunted (n=10) and un-shunted patients (n=11) in group two. The rectangles show the values in the interquartile range. Median is represented by the solid bar within the rectangle. The ranges of values are indicated by the whiskers. P = 0.608.
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                (B)



Fig 28: Histograms showing the difference between reverse volumes in shunted (A) and un-shunted (B) patients in group two. The mean value for the shunted patients (n=10) was -0.014 ± 0.035 ml whereas for the un-shunted patients (n=11) it was 0.000 ± 0.027 ml. The p value was 0.624.



Fig 29: Box plot showing the difference between reverse volumes in shunted (n=10) and un-shunted patients (n=11) in group two. The ranges of values are indicated by whiskers, the rectangles represent the span of interquartile. Median values are shown by the solid bars within the rectangles for shunted and un-shunted patients. Star represents the outlier. The p value was 0.624.
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Fig 30: Histograms of the difference between the net forward volumes in shunted (A) and un-shunted (B) patients in group two. The mean difference between the net forward volumes for the shunted patients (n=10) was 0.029 ± 0.054 ml. For un-shunted patients (n=11) the mean value for the same was 0.013 ± 0.036 ml (p = 0.438).


Figure 31: Box plot indicating the difference between the net forward volumes between shunted and un-shunted patients in group two. The range of values for shunted and un-shunted patients is represented by the whiskers. Rectangles indicate the values from first to third quartile. The bars within the rectangles represent the median values for both (p = 0.438).

Table 06: Data showing the Pearson Correlation of the difference in the variables which were used to see the relation with the shunted status.

	Flow Variables
	
	difference between peak velocity
	difference between average velocity
	difference between average flow over range
	difference between forward volume
	difference between reverse volume
	difference between net forward volume

	difference between peak velocity
	Pearson Correlation
	1
	-.137
	.073
	-.221
	-.353
	.058

	
	Sig. (2-tailed)
	
	.554
	.753
	.336
	.116
	.804

	
	N
	21
	21
	21
	21
	21
	21

	difference between average velocity
	Pearson Correlation
	-.137
	1
	.764(**)
	.377
	-.514(*)
	.668(**)

	
	Sig. (2-tailed)
	.554
	
	.000
	.092
	.017
	.001

	
	N
	21
	21
	21
	21
	21
	21

	difference between average flow over range
	Pearson Correlation
	.073
	.764(**)
	1
	.655(**)
	-.613(**)
	.970(**)

	
	Sig. (2-tailed)
	.753
	.000
	
	.001
	.003
	.000

	
	N
	21
	21
	21
	21
	21
	21

	difference between forward volume
	Pearson Correlation
	-.221
	.377
	.655(**)
	1
	.154
	.736(**)

	
	Sig. (2-tailed)
	.336
	.092
	.001
	
	.505
	.000

	
	N
	21
	21
	21
	21
	21
	21

	difference between reverse volume
	Pearson Correlation
	-.353
	-.514(*)
	-.613(**)
	.154
	1
	-.555(**)

	
	Sig. (2-tailed)
	.116
	.017
	.003
	.505
	
	.009

	
	N
	21
	21
	21
	21
	21
	21

	difference between net forward volume
	Pearson Correlation
	.058
	.668(**)
	.970(**)
	.736(**)
	-.555(**)
	1

	
	Sig. (2-tailed)
	.804
	.001
	.000
	.000
	.009
	

	
	N
	21
	21
	21
	21
	21
	21


**  Correlation is significant at the 0.01 level (2-tailed).

*  Correlation is significant at the 0.05 level (2-tailed).

DISCUSSION

This study investigated the role of cine phase-contrast MRI scanning in the selection of Normal Pressure Hydrocephalus (NPH) patients for shunt surgery. The discussion is broken down under different headings as under:

1: Patient characteristics:

           The characteristics of patients recruited in the present study were not different from most of the published studies on the subject. The study by Dixon et al (2002) included forty nine patients with idiopathic normal pressure hydrocephalus who had phase contrast MRI scans. They tried to correlate their findings to the outcome. The mean age for the patients was 72.9 years with a range of 54 to 88 years. Women out numbered the men with a ratio of 35 : 14 in their series of experiments (Dixon et al, 2002). Bradley et al (1996) studied eighteen patients with NPH. Eleven were females while seven were males. Their mean age was 73 years (range 54 – 83 years). Similarly, Kahlon et al (2007) included thirty eight patients in their study of aqueductal stroke volume calculations and its relationship with post-operative outcome and lumbar infusion test. Again, the mean age in their series was 72 ± 8 years (range 38 – 80 years). Seventeen were men while twenty one were women. 

           In the present study the mean age of the patients was 70.5 years with a range of 42 – 87 years. The group comprised of 23 male and 17 female patients. The age and gender distribution were more or less similar to the previous studies (Bradley et al, 1996; Dixon et al, 2002; Kahlon et al, 2007). Moreover, the patients employed in this study show similar medical history and characteristics (see table 3.1) as employed in other studies.

2: Technical aspects of cine phase-contrast MRI imaging for determination of flow characteristics:

Phase contrast MRI is a reliable technique in measuring the steady flow e.g. in a phantom, but in living subjects where there is turbulent to and fro movement of CSF, the measurements are sensitive to velocity encodings (Katayama et al, 1993; Mullin et al, 1993).To obtain phase images, a bipolar flow-encoding gradient pulse is applied along the direction of flow and the polarity of the bipolar pulse is reversed alternatively for consecutive acquisitions. The paired data thus obtained from each pair of images is subtracted. The stationary structures (protons) get cancelled and moving fluids (protons) are seen as signals of different intensity – called the phase shift. This phase shift is proportional to the magnitude of the flow-encoding gradient on MRI (called the velocity encoding – venc.) and the velocity of flow. The velocity encoding is selected in such a way that the phase shift falls within its range, to give good signal intensity without aliasing. The velocity of flow is in turn determined by the signal intensities (Katayama et al, 1993) as fixing the velocity encoding puts phase shift directly proportional to velocity of flow.

The measurement of flow parameters can be performed at different anatomical regions of the central nervous system. For normal pressure hydrocephalus measurements are usually taken across the cerebral aqueduct as this is the narrowest portion of the ventricular system and the velocity of  CSF flow is highest here (Nitz et al,1992; Bradley et al, 1996). There are problems associated with selection of aqueduct on MR images. Since the size of aqueduct measures approximately 2-3 mm, volume averaging causes surrounding static tissues to be averaged resulting in less than the actual CSF velocity calculation (Quencer et al, 1990). The errors due to partial voluming effect in this region can be reduced by minimizing the slice thickness, maximizing the spatial resolution, decreasing the field of view and increasing the matrix size, but these alterations can adversely affect the signal to noise ratio as well as the acquisition time (Nitz et al, 1992).

The other region that has been studied in relation to NPH is the anterior spinal subarachnoid space at the level of C2/3. Katayama et al (1993) based their measurements of flow characteristics in these patients from upper anterior cervical subarachnoid space (level C2/3) (Katayama et al, 1993). They suggested the following reasons for this selection:

i - It is difficult to get normative data on CSF flow through the aqueduct in healthy subjects as the signals from the moving protons are too small.

ii – The anterior subarachnoid space is more parallel to the bipolar flow –encoding gradient pulse than the cerebral aqueduct.

iii – changes have been observed in the CSF dynamics in the anterior cervical subarachnoid space with progression of NPH which correspond to alterations in the region of aqueduct.

3: Hardware specifications:

The present study used 1.5 Tesla (T) Siemens scanner, slice thickness of 5 mm and through plane images at the level of aqueduct were used to get the phase contrast scans. The velocity encodings to find out the best signal characteristics of flow were 6, 10 and 20 cm sec-1 in every case. Comparing this to the major studies published, all of them used 1.5 T systems (Bradley et al, 1996; Dixon et al, 2002; Luetmer et al, 2002 and Kahlon et al, 2006) however there is no uniformity about the use of slice thickness and velocity encodings. Bradley et al (1996) used 4 mm section thickness and quantification was performed on through plane images at velocity encoding of 200 mm sec-1. Dixon et al (2002) and Luetmer et al (2002) however, used thinner slices of 3 mm to generate the images. The velocity encodings for quantification were 10 cm sec-1 and 20 cm sec-1 in case of Dixon et al (2002). Luetmer et al (2002) used the same two but utilized additional series with increased velocity encoding if aliasing was observed by increments of 10 cm sec-1 to resolve the aliasing. In their series, Kohlan et al (2007) have mentioned the use of 20 cm sec-1 of velocity encoding but they have not indicated the slice thickness to get the images for their patients.

4: Selection of the region of interest and reference area:

The present study also used manual selection of aqueduct area (as the region of interest) on cross sectional (through plane) image of phase- contrast MRI image. The reference area was selected manually in the left temporal region of the brain. It was thought that an area far away from the actual CSF flow area selection in the brain stem would serve as better stationary reference for relative calculation of moving protons. Luetmer et al (2002) in their study of normal subjects and patients suffering from different dementia types (n=236), selected the area of aqueductal flow as slightly larger than the aqueduct area visualized on through plane MRI flow sequence. They did not give an explanation for this selection. Their reference background area was drawn as C shaped area of brainstem on the anterior and lateral aspects of flow area of aqueduct, just adjacent to it. This background area was taken as two to four times the area of aqueductal flow area in their calculations (Luetmer et al, 2002). The most recent publication on the role of aqueductal stroke volume measurement by phase contrast MRI in NPH was published by Kahlon et al (2007). They used the cerebral aqueduct as the “region of interest” while adjacent brainstem was used as background stationary tissue.

5: Normative data:

(a) Flow parameters through the aqueduct:

The direction of flow is caudal during cardiac systole (towards the 4th ventricle) and cranial during diastole (towards the 3rd ventricle) (Hurley et al, 1999). Quencer et al (1990) measured the aqueductal flow in six normal volunteers and found that the velocities ranged from 3.7 to 7.6 mm sec-1 (Quencer et al, 1990). They used axial cine examinations to measure the velocities. In addition they measured the flow velocities through the foramen of Magendie in these six patients. In five of them, it ranged from 2.4 – 5.6 mm sec-1 while in the sixth the value was 12.5 mm sec-1. Luetmer et al (2002) have quoted an average flow of 8.42 ± 4.5 ml min-1 (range: 0.9 – 18.5 ml min-1) in normal elderly subjects (n=47; age range of 62-91 and mean age of 80.3 years) (Luetmer et al, 2002).

(b) CSF flow through the anterior subarachnoid space at the C 2/3 level:

Katayama et al (1993) determined the maximum velocity and amplitude of CSF pulse at C2/3 in twelve healthy volunteers (two women and ten men) with age range of 13 to 63 years (mean of 31 years). They reported the mean maximum velocity of CSF flow as 46.6 ± 1.3 mm sec-1 (mean ± Standard error) and the amplitude of 74.1 ± 3.6 mm. They observed that cranio-caudal maximum velocity was less than 9.0 cm sec-1 in all healthy subjects. The flow was found to be to and fro. The CSF flowed in the cephalic direction till 70 m sec after the R wave (of cardiac cycle) before it changed its direction caudally and direction change occurred again after 190 m sec to cephalic. The maximum velocity reached at about 190 m sec from the start of the cardiac cycle. 

Other authors have also studied and described the normal flow pattern of CSF in the upper cervical region. Notably, Quencer et al (1990) who observed that the velocity of flow in the caudal direction was more than in the cranial direction. According to this group the calculated normal peak CSF velocities at C2 ranged from 10.9 to 52.4 mm sec-1. The temporal events of flow at the cervical subarachnoid space in the normal subjects have also been described by them. They observed that the caudal flow of CSF commenced approximately 100- 150 m sec after the R wave and reversed again to cranial direction 400-500 m sec after the R wave. The velocity in their observation reached maximum about 175 – 250 m sec after the R wave on electrocardiogram (ECG). These observations come to nearly the same as described by Katayama et al (1993). Itabashi et al (1988) reported the changes in the calculated peak CSF velocities with flexion and extension of the neck. Their observed peak velocities in cervical spine were from 26 – 44 mm sec-1 at the upper cervical and 44 – 124 mm sec-1 at the lower cervical level, which increased if the neck was flexed. With neck flexion they also noticed an early change in the direction of CSF. The highest flow velocity was reported to be at the level of C6 due to the smallest canal area at this level (Enzmann et al, 1989). Enzmann et al, (1989) also compared the CSF flow at the aqueduct level and anterior cervical subarachnoid space and found that the flow through aqueduct occurred later in the cardiac cycle than in the cervical region. They could not give any explanation for this observation although the asynchrony in the arterial pulse in the supra and infra-tentorial compartments could explain this (Quencer et al, 1990). The largest numbers of volunteers were examined by Freund et al (2001) who performed quantitative studies of CSF flow in the whole spine in 68 normal subjects. They reported the maximum overall velocity of 0.95 cm sec-1 in the cervical spinal canal when the flow is directed caudally and 0.38 cm sec-1 when it is flowing cranially. The mean stroke volume was 0.48 ml sec-1 with a range of 0.1 and 1.23 ml sec-1.

The present study did not look at the CSF flow characteristics of normal healthy patients as there were ethical issues involved along with the time, cost and manpower implications. Here the patients were divided into two groups – those who received a shunt and those who did not. This distinction was based on their clinical assessment, particularly on their symptomatic improvement after lumbar drainage of CSF and a high CSF outflow resistance. The non shunted patients could not be classified as “normal subjects”, but they still acted as “control” for the shunted group. This can not be regarded as a flaw in the study because of two reasons. Firstly, these patients either did not have normal pressure hydrocephalus or their NPH had progressed to a stage where they would not benefit any intervention. The CSF flow parameters could still helped to differentiate these from others. Secondly, it would have been difficult to get an ethical approval to subject completely healthy volunteers to MRI when normal flow data is already available in literature.

6: Methodology of study:

The present study mainly aimed at performing two phase contrast scans in each patient with the suspected diagnosis of normal pressure hydrocephalus. The two scans separated by the lumbar drainage of 200 ml of CSF. This analogy was used on the basis that the scans were completed before the patients actually had the V-P shunts. Although the data from the MRI flow studies did not influence the treatment decision (the treated physician was blinded about the results of flow studies) in this study, it was more logical to have the data before undertaking surgical intervention. Performing the second scan after shunting procedure would not prevent the surgical morbidity if the study data would have showed that the patients would not improve. None of the previous studies on this subject exploited this idea except for Katayama et al (1993), who performed second scan after the patients had received the V-P shunts. These were the patients who showed improvement on clinical assessment. The second scan was not performed for those who did not receive a shunt. Furthermore, they selected the anterior cervical subarachnoid space at the level of C2/3 as the region of interest to measure the time velocity flow profiles (Katayama et al, 1993). 

7: Correlation of CFS flow parameters with the outcome in NPH:

Bradley et al (1996) showed that cine phase contrast MR measurements of the aqueductal CSF stroke volume could help in deciding which patients would improve after shunting. Their study included 42 patients, 18 of these had V-P shunts. 12 out of 18 shunted patients responded to shunting. The aqueductal stroke volume of these patients was more than 42 μL. Three out of six patients who had stroke volume of 42 μL or less did not respond to V-P shunts (Bradley et al, 1996). They suggested a cutoff of 42 μL for shunting and quoted a positive predictive value of 100% and negative predictive value of 50% with a P value of less than 0.05. Aqueductal stroke volume (in micro-liters) can be calculated from the following equation (Bradley et al, 1996):

 Aqueductal stroke volume = V x A x T

Where V is velocity (ml sec-1), A is area (in Square mm) and T is time spent in cardiac systole or diastole (in m sec). The drawback with their study was that it was a retrospective analysis.

Mase et al (1998) published their study after Bradley et al in 1998. They looked at the aqueductal flow velocities in patients who developed NPH after subarachnoid hemorrhage (n=17), idiopathic NPH (n=2), patients with brain atrophy (n=7) and normal controls (n=19). Their data indicated that aqueductal CSF maximum flow velocity was significantly higher in post-subarachnoid NPH group (9.21 ± 4.12 cm sec-1) than in the control group (5.27 ± 1.77, P < 0.001) and atrophy group (4.06 ± 1.81, P < 0.005). They did not study the flow parameters in relation to shunt outcome (Mase et al, 1998). Dixon et al (2002) measured the mean CSF aqueductal flow rate in NPH patients (n=49). They reported the mean value of 29.4 ml min-1 in these patients (range: 3.4 – 91.2 ml min-1). For determination of normal versus hyperdynamic flow they considered 18 ml min-1 as the cut off value of flow across the aqueduct. They did not find significant association between elevated CSF flow rate and improvement in any of the symptoms after shunt surgery (Dixon et al, 2002). Logistic regression analysis of their data showed that all patients (n=7) with aqueductal CSF flow rates of more than 33 ml min-1 improved after shunting, but there was no significant correlation between the degree of improvement and average flow. They suggested that patients with aqueductal flow rate of greater than 33 ml min-1 are likely to improve after shunting. Dixon et al (2002) recommended to consider the flow parameters as a guide to the diagnosis of NPH rather than to decide for V-P shunting. A normal CSF aqueductal flow does not necessarily mean that the patient will not improve after shunting (Jack et al, 1987). The flaws in the study by Dixon et al (2002) were that it was a retrospective analysis of cine phase contrast MR scans of the shunted patients and the correlation of the flow characteristics with the symptomatic improvement in these patients only. Luetmer et al (2002) published the largest series of 236 patients who had measurements of CSF flow at the cerebral aqueduct using the phase contrast MRI in the same year as Dixon et al (Luetmer et al, 2002). These included 47 normal elderly subjects, 43 patients with NPH and the rest with dementia of different etiologies other than NPH. They found that the average flow rate in patients with the final diagnosis of NPH was 27.4 ± 15.3 ml min-1 (range: 3.13 – 62.2 ml min-1) which they showed to be statistically significantly more than the flow rate in each of the other group of patients (P < 0.001) (Luetmer et al, 2002). They concluded that CSF flow of more than 18 ml min-1 was suggestive of idiopathic NPH. The main limitations of their study was that the treating physician was not blinded to the results of MRI flow scans ,that all the patients with the diagnosis of NPH in their series did not receive a shunt and specific correlation with post shunt outcome was not studied with the CSF flow rate. In the most recent published material by Kahlon et al (2007), they reported higher mean stroke volume of 95 ± 78 μL in operated patients (n=24) compared to 66 ± 53 μL in non-operated ones (n=8), but this difference was not found to be statistically significant (P=0.335). Furthermore, they could not show a significant correlation of stroke volume with improvement in clinical tests. It was therefore concluded that there was no evidence that stroke volume measurements could help to select appropriate patients for surgery (Kahlon et al, 2007). This was a prospective study where the treating physician was blinded to the results of MRI aqueductal stroke volumes of the patients.

In the present study six different CSF flow variables were determined for each patient in group one (those who had one pre-drainage scan only). For patients in group two (patients with two scans) the differences in these flow variables were calculated before the correlation was studied between shunted and un-shunted patients. None of the previous studies calculated all these different flow variables. Bradley et al (1996) and Kahlon et al (2007) used CSF stroke volume calculations which were not calculated in the present study, so relevant comparisons could not be made. Mase et al (1998) used Peak velocity as dependant variable as discussed above. The mean peak velocity for shunted patients in the present study was 5.44 cm sec-1 (range 1.47 to 15.01 cm sec-1) which is almost half of the value observed by Mase et al (1998) (Peak velocity of 9.21 ± 4.12 cm sec-1). In fact the peak velocity measurements for their control and cerebral atrophy patients were closer to this value (5.27 ± 1.77 and 4.06 ± 1.81 respectively). The mean peak velocity of all the un-shunted patients in the present study was 6.49 cm sec-1 (range 1.74 to 16.24) which was higher than the shunted patients although did not reach statistical significance. Dixon et al (2002) and Luetmer et al (2002) based their results on the calculations of average flow rate and recommended the values of more than 33 ml min-1 and 18 ml min-1 respectively as suggestive of hydrocephalus and shunt responsiveness. These findings could not be substantiated in the present study. The mean values of average flow rate through cerebral aqueduct in this study came out as 2.81 ml min-1 (range: 0.12 to 4.62 ml min-1) and 3.47 ml min-1 (range: 0.12 to 6.84 ml min-1), respectively for shunted and un-shunted patients respectively. Again the mean value for the un-shunted patients was higher numerically but the difference was not statistically significant.

8: Confounding factors:

There are a number of factors that can possibly influence the CSF pulsations and the flow velocity calculations. These include the respiration and breathing pattern, systolic and diastolic blood pressure, total blood volume and total CSF volume (intracranial and intraspinal) (Quencer et al, 1990). These factors have not been studied in detail except for systolic blood pressure by Du-Boulay et al (1972). They studied the effect of systolic blood pressure on the CSF flow and found that there was larger volumetric displacement of CSF at high and low pressures compared to mid range pressures. None of these factors were addressed in the present study. The operator dependant factors that can influence the results include the selection and sizing of the aqueductal area of interest (the intra and inter observer variations) and the selection of appropriate R-R cardiac interval over the time of measurement as there could be fluctuations in this interval if the patients suffers a rhythm problem (Kahlon et al, 2007).

Luetmer et al (2002) addressed the issue of variability of measurements in MRI CSF flow calculations. They recruited three normal volunteers and performed three scans for each on three different scanners of same specifications. Each scan was analyzed by three observers and interobserver variation was calculated. To get the intraobserver variability each observer repeated his calculations three times. Each scan for each patient was considered as a separate trial. They came up with intraobserver, interobserver and inter-trial measurement variations of 6.4, 5.4 and 8.8% respectively (Luetmer et al, 2002). In the present study, the variability was calculated by repeating the observations on all flow parameters for twelve MRI scans. The observations and calculations were repeated twice to get two values for each parameter by the same observer to see the intraobserver difference. A second observer repeated the above and the values were compared to the primary observer to get the interobserver difference. The data was put through ‘within-groups 1-way ANOVA for repeated measure’ (SPSS Statistical software). Measurements were not significantly different on pair wise comparisons of two intraobserver and one interobserver values for each variable (P values ranging from 0.641 to 0.998).   

CONCLUSIONS
In conclusion, the study demonstrated that cine phase contrast MRI scans can be performed with relative ease on patients with the suspected diagnosis of normal pressure hydrocephalus. The flow parameters can be calculated with accuracy without significant intra and interobserver variability. The study however, could not establish the usefulness of this investigation for confirmation of diagnosis of normal pressure hydrocephalus or selection of NPH patients for V-P shunting. The numbers of patients were enough to run a pilot project but not good enough to get useful statistical meanings out of the data analyses. The CSF flow variables which could be most useful to get an association with the shunt responders include the difference between average velocities, difference between reverse volumes and difference between forward volumes.

SCOPE FOR FUTURE STUDIES

For future studies, it may be possible to undertake the experiments listed below:

1- Undertake cine phase contrast MRI scans to look at the CSF flow velocities simultaneously through the cerebral aqueduct, basal subarachnoid spaces and anterior subarachnoid space in the upper cervical region.

2- Employ PET and SPECT scanning of the brain before and after drainage of CSF through lumbar drain to look at the regional cerebral blood flow changes.

3- Carry out perfusion CT and perfusion weighted MRI before and after the lumbar drainage of CSF to study the blood flow changes in relation to clinical improvement.

4- Measure proteomics of the CSF from NPH patients.

5- Carry out simultaneous study of all the reported CSF biomarkers for NPH.

6- Study the effect of CSF collected from NPH patients on cell cultures.

PROBLEMS AND LIMITATIONS

Problems encountered during the study included:

1- A long time was taken by the regional ethical committee to approve the protocol of the study.

2- The arrangement of funds for the MRI scans and the time allocation for the ‘research’ scans during the normal scanner operating hours became an issue.

3- The availability of the radiology technicians who could perform the required scans on the patients had to be arranged in such a way that patient’s care was not compromised (delay in their diagnosis and management). For this reason all the available patients could not have the scans.

The two main limitations of the study are:

1- Normal healthy subjects were not studied for comparison although the patients who were not selected for shunting (on clinical grounds) were taken as controls. This ‘control’ population could be very heterogeneous in respect to their medical illness resulting in symptoms similar to NPH. Furthermore, some of the un-shunted patients could still have advanced NPH and not selected for shunting because they did not show improvement on usual clinical assessment.

2- The number of patients recruited for the study was not enough to give strong statistical significance to the results (although most of the published work on NPH was done on more or less same number of patients).
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