PAGE  
2

Anesthesia for Magnetic Resonance Imaging

Haim Berkenstadt MD, 

Director of Neuroanesthesia, Department of Anesthesiology and Intensive Care, Chaim Sheba Medical Center, Tel Hashomer, 

Affiliated to the Sackler School of Medicine, Tel Aviv University, Israel.

History and Basics of Magnetic Resonance Imaging: 

Since the late 1940s the phenomenon “Nuclear Magnetic Resonance (NMR)” has been known from the work of Bloch, Purcell, and others
,
. The Nobel Prize for contributions to the knowledge of this technology was awarded to these scientists in 1952, and later in 1991 to Edward Ernst. The term “nuclear” is not commonly used any more because of its association with nuclear warfare and nuclear energy and the accepted name for the imaging technique is Magnetic Resonance Imaging (MRI).

The MRI phenomenon is based on the fact that some atomic nuclei possess magnetic properties in addition to charge and mass. Because of a spin movement of the nucleus (rotation movement about it own axis), the nucleus has a minute magnetic field and acts like a compass needle. In the absence of an outside magnetic field the small magnets will be randomly oriented. When placed in a strong magnetic field the magnets can align either with or against the direction of the field (Unlike a compass needle that can align in one direction only). There is a small excess of magnets in the parallel state and they are responsible for the further proceedings involved in getting a MRI signal. In the magnetic field the magnets continue to spin and rotate in a frequency depending on the properties of the nucleus and the strength of the magnetic field.

When radiofrequency (RF) pulse at the appropriate frequency is applied to the aligned small magnets in a right angle to the static magnetic field, the small magnets will flip from their longitudinal position and produce magnetization in right angle to the alignment. After the RF pulse the small magnets return to their position while re-emitting energy subsequently during their relaxation back to the original equilibrium situation. A radio antenna, or coil, can measure this magnetic resonance signal emitted during the relaxation phase, and the signal measured analyzed by Fourier Transformation in the time and frequency domains. T1 and T2 relaxation times can describe the signal, when T2 describes the decay of the signal in the excitation period and T1 describes the re-growth of the signal at the relaxed position. 

Using the fact that the magnetic resonance signal generated after applying a strong magnetic field superimposed by RF pulse is dependent on the nucleus being studied, made the option of Magnetic Resonance Spectroscopy (MRS). Namely, exploring the composition and concentration of chemicals using MRI technology. MRS can be used also for exploring biological compound. Hydrogen spectroscopy can be used to detect some important brain metabolites like N-acetyl aspartate and lactate 
, and Phosphorus-31 spectroscopy to explore energy metabolism in the brain and muscle tissues 
.  

In 1973 Lauterbur and colleagues introduced the idea that nuclear magnetic resonance can be used for medical diagnostic imaging, and laid the foundations to the imaging modality of choice in the diagnosis of many neurological and orthopedic conditions 
. In medical diagnostics MRI involves imaging of the positively charged spinning nucleus of hydrogen atoms that are abundant in tissues containing water, proteins, lipids, and other macromolecules. The spatially localized signal intensities are achieved by superimposing on the main magnetic field small position dependent (gradient) magnetic fields, which make the resonance frequency position dependent. Now, when the magnetic field is not constant but changes slightly like piano tunes, namely, the origin of the re-emitted radiation can be tracked back on the basis of the emitted frequency, which makes imaging possible.

Clinical MRI Imaging:

In clinical practice the patient is usually examined using a whole body magnet consisting of a tube approximately 2 meters long and a 50-70 cm wide free space for the patient. The magnetic field strength is usually between 0.5 to 2-tesla. (One tesla equals 10,000 Gauss, and the earth magnetic field is approximately 0.5-1 Gauss). In order to prevent interference from electromagnetic radiation outside the imaging system (radio waves for example) the scanning area is RF shielded using a Faraday cage. Wires transgress the cage needs to be filtered in order to prevent noise conduction. 

Indications for anesthesia in the MRI:


Most patients do not need anesthesia for MRI imaging, however, anesthesia is indicated in pediatric patients, uncooperative patients, patients with unprotected airway, and lately during MRI guided surgery.  


In pediatric patients anesthesia is indicated to reduce movement during the procedure. Imaging requires multiple data acquisitions to get the final image and the process may last over one hour. Movement during data acquisitions will interfere with spatial allocation as well with the magnetic field.


Another indication for anesthesia in the MRI in pediatric patients as well as part of the adult population is anxiety and claustrophobia. The incidence of moderate to severe anxiety among adults outpatients undergoing MRI was found to be 25% to 37% 
,
, and the contributing factors includes the confined space, the loud noises during scans, the temperature, and the length of the procedure 
. 


Although less routinely performed, anesthesia is indicated during MRI for unconscious patients or critically ill ventilated patients in order to achieve airway protection and control of ventilation. Another relatively new indication is MRI guided surgery mainly for brain surgery.

Problems of anesthesia in the MR environment:

Anesthesia in the MR environment possess a challenge to the anesthesiologist due to the safety and technical problems raised by the use of a strong magnetic field, a time-varying magnetic field, and RF pulses, while the patient is lying in a long narrow tube.

The strong magnet can attract ferromagnetic objects including scissors and oxygen cylinders. Only lately a death caused by a non-MRI compatible oxygen cylinder drawn into the magnet has occurred 
. Implanted prosthetic devices, pacemakers, cochlear implants, implantable infusion pumps, implantable defibrillators, and vascular clips containing ferromagnetic components are at risk to. The presence of implanted pacemakers and ICDs has been considered to be an absolute contraindication for MRI. Lately, it was reported that modern pacemakers present no safety risk with respect to magnetic force induced by the static magnetic field of a 1.5-T MRI scanner 
. According to the recent guidelines all patients with implanted rhythm devices who are scheduled to undergo MRI should be examined before and after the procedure by an electrophysiologist or pacemaker specialist 
.

The risk with cardiac valves is less because the ferromagnetic content is limited, and the magnetic forces during MRI are less then the forces produced by the action of the heart.
. 

The effect of the magnet on the ferromagnetic objects extends outside the magnet as the magnetic field decay for few meters. This distance is dependent on the strength of the magnet and its shielding. As a rule patients with pacemakers will not be inside the 5 Gauss line 
 and patients with other devices will not have MRI.

The MRI environment can effect also nonferromagnetic implants and devices. Metal containing objects and even tattoos 
 can distort the magnetic field and influence imaging quality. Application of repeated RF can cause heating of metallic objects and burns 
.  

One of the major problems in administrating anesthesia in the MRI is the reciprocal influence between the MR environment and the anesthesia equipment that will be discussed later. 

Practicing anesthesia in the MRI:


The anesthesia machine: The first report of anesthesia in the MRI was from Geiger and Cascorbi that used a conventional anesthesia machine sited in the MR control room. The patient was allowed to breath spontaneously while given intravenous anesthesia 
. Others have used conventional anesthesia machines and ventilators sited in a distance from the magnetic field between the 30-50 Gauss lines where no attraction of ferromagnetic items will occur. In order to prevent long ventilator tubing and increase chances of disconnection, others changed ferromagnetic components of conventional anesthesia systems in order to use them closer to the magnet 
. In recent years commercial nonferromagnetic MR compatible anesthesia machines are available from most leading manufacturers. Even with these products it is recommended to assess the influence on the quality of MRI in each unit, and to set the optimal positioning of the machine in the room.


Monitoring: Electronic monitoring equipment may induce MR image degradation caused by ferrous components or RF emission. As a result problem arise in achieving balance between meeting the ASA standards for monitoring during anesthesia and assuring quality MRI 
. 


The ECG was found to be the only monitor grossly distorted during MRI with 1.5-tesla scanner 17, and recording of ECG in the MRI environment can be problematic. One proposed mechanism is that passage of blood through the strong magnetic field induces a voltage maximal at the transverse aorta, leading to superimposed potentials in the early T waves and late ST segment prominent in leads I, II, V1, and V2 17. Another proposed mechanism is that the time varying magnetic field can induce electrical currents across the loops formed by the ECG leads, leading to artifacts resembling R waves. The RF currents can also induce currents within the ECG cables leading to artifacts prevented by using shielded cables, telemetry, or fiberoptic systems for signal transmission. Other measures to reduce artifacts includes the prevention of loops, placing the electrodes at the center of the magnetic field, placing the limb electrodes close together, or using chest leads of V5 or V6 17. Even with all these recommendation the ECG is still poorly controlled in the MR environment.


Other monitoring modalities including capnography, non-invasive as well as invasive blood pressure measurement was found to be accurate in the MR suite 17. Using fiberoptic pulse oximetry sensors prevents problems of bilateral interferences between the monitoring system and the MR system found with previous conventional systems.


Tracheal intubation: RAE oro-tracheal tubes can be of benefit during brain imaging when the head is enclosed within a smaller coil, restricting access to the patient. Standard Macintosh laryngoscopes are not ferromagnetic but the batteries are. The simpler solution is to use plastic laryngoscope with a paper covered lithium batteries.


Intravenous cannulae and needles: are not ferromagnetic and can be used in the MRI environment safely.


Intravenous or inhalation anesthesia?  Both intravenous and inhalation anesthesia are used for anesthesia in the MRI. While infusion pumps were found to be accurate when set few meters from the magnet 
, and total intravenous anesthesia was tested 14, the output of vaporizers was found to be accurate in the magnetic field 
.


Cardiopulmonary resuscitation: During cardiac arrest or other critical events the patient needs to be taken out of the magnet. With prolongation of the paddles leads patient can be defibrillated in the magnet while the defibrillator is outside the 5-G line.

Anesthesia for MRI Guided Neurosurgery

During the last few years, efforts have been made to introduce MRI into the operating room for intra-operative imaging during Neurosurgery 
,
. Although this imaging technique offers potential advantages over existing intra-operative navigation systems, modifications are needed in conventional MRI systems in order to have accessibility to the patient’s head. Moreover, attention is needed to the reciprocal influences between the MRI and the operating room equipment. 


In the last few years, several systems have tried to give an answer to the challenge of intra-operative MR imaging. The simplest solution is the use of conventional high field cylindrical MRI system for imaging and an operating facility behind or in front of the magnet 
. This system provides high quality images, but imaging is only intermittent and the patient needs to be transferred inside and outside the magnet. This system places additional risks and difficulties on the maintenance of anesthesia in a mobile environment. Another proposed solution is the biplanar open magnet, or the “double doughnut” General Electric system 
, allowing free access to the patient by the surgeon throughout the procedure. 

Anesthesia for MRI-guided Neurosurgery, unlike anesthesia for diagnostic MRI, needs to cope with surgical pain and active bleeding, while using strategies for brain protection and monitoring. Working in the environment of current MRI systems limits the ability to perform conventional neuro-anesthesia as performed in the regular operating room. The MRI is usually located outside the main operating rooms, the cold noisy environment is not familiar to the medical team, the quality of monitoring provided by MRI compatible monitors is inferior to conventional monitoring devices, and the use of syringe pumps, warming devices, and electrophysiological monitoring systems is limited. 
Lately, a new compact open MR Image-guided system, (PoleStar N-10, Odin, Israel) is under evaluation. The system offers intermittent intra-operative imaging combined with a spatial localization and navigation (tracking) system. The two vertical, disk-shaped, permanent magnets mounted on a transportable gantry offer the advantage of performing almost a conventional surgery after lowering the magnet below the patient’s head. The size and weight of the system, as well as the magnetic field strength of 0.12T, enable installation in any conventional operating room after shielding of the room from environmental RF noise. The low fringe field allows also the use of standard instruments in close proximity to the magnet. 

Image quality in low field magnets (0.2-0.5T) had been reported to be sufficient for navigation and for resection control
. The system has an even lower magnetic field of 0.12T, but due to the strong gradient fields (25mT/m) and their fast slew rate (75T/m*sec), the resulting image quality is comparable to the one obtained with 0.5T system. In contrast to other interventional MRI systems in which the field of view covers the whole brain, the field of view in the present system is limited to the target and its surrounding. This focused field of view was found to be adequate for imaging the lesion and its margins, and for surgical planning and navigation. Postoperative diagnostic high field MRI confirmed resection control determined intraoperatively. 

For the anesthesiologist, using the system allows preservation of working conditions that are similar to a regular operating room. The patient is accessible to the anesthesiologist at all times during the procedure, and conventional syringe pumps and warming devices can be used. Working with this system, we are able to use propofol and remifentanil in a continuous infusion for the maintenance of anesthesia, and to control the body temperature, so those patients are ready for early extubation and neurological evaluation immediately at the end of surgery. We were also able to perform electrophysiological monitoring in surgery for epilepsy, and to carry out surgery under intravenous sedation and intra-operative mapping in the awake state in two patients. The main disadvantages of the system is that a MR compatible monitoring system needs to be used with the limitation of inadequate ECG monitoring for patients with significant ischemic heart disease. Another disadvantage is the prolongation of operative time. Although this factor is reduced along the learning curve surgery will e prolonged by at least 30 minutes even in optimal conditions. 

Is it safe to work in MR environment?

Working in the MR environment potentially exposes the anesthesiologist to occupational hazards including exposure to an intense magnetic field and exposure to acoustic noise 
. 

Magnetic fields: While the effects of the time-varying magnetic field and RF pulses are limited, static magnetic fields extend beyond the magnet. Today, there is no conclusive evidence for harmful effect of static magnetic field exposure in humans. Therefore, it is recommended to take reasonable exposure to intense magnetic fields 
. Recommended safety levels of long term exposure of health care personnel to static magnetic fields are between 200mT to 500mT over any 8 hours.

Acoustic noise: The gradient coils produces significant levels of acoustic noise depending on the MRI protocol. In worst case scenarios noise can be higher then the higher allowed limits necessitating preventive measures
.

Infertility and pregnancy outcome: MRI workers did not experience more infertility problems or low birth weight infants than women working at other jobs or at home 
.
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