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Abstract: Objective: The purposes of this study are to investigate the pathological and molecular
responses of the tissue surrounding the deep brain stimulation (DBS) electrodes in
MRI scanning at 1.5-T, 3.0-T and 7.0-T.
Materials and Methods: The PINS DBS devices, a new type of DBS system, were
stereotactically implanted into the brains of New Zealand rabbits, targeting the left
nucleus ventralis posterior thalami, while on the right side a puncture passage pointing
to the same nucleus was made by slowly withdrawing the lead after insertion. MR
scanning of routine sequences at multiple levels (1.5-T, 3.0-T and 7.0-T) was
performed using the transmit/receive head coils. The responses of the surrounding
tissue were evaluated by hematoxylin and eosin staining (H&E staining) and
transmission electron microscopy (TEM). The amount of the 70k Da heat shock protein
(HSP-70) was quantified by western blot and quantitative polymerase chain reaction
(QPCR) to further evaluate the injury.
Results: H&E staining and TEM showed that the injury around the DBS electrode was
indistinctive to that of the control group (p > 0.05). The differences of the pathological
alterations among MRI groups were also insignificant (p > 0.05). Besides, western blot
and QPCR failed to show significant differences between the DBS side and the
puncture side in each group (p > 0.05).
Conclusions: Based on these results, we speculated that MRI at different levels did not
induce morphologically observable and molecularly detectable heating injury to the
brain tissue surrounding the DBS lead. Although no extrapolation could be made to
human tests due to the anatomical differences, these preliminary data furthered our
understanding of the MRI-related implant heating and encouraged future investigations
on human subjects.
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Abstract
2
 

Objective: The purposes of this study are to investigate the pathological and molecular responses of 

the tissue surrounding the deep brain stimulation (DBS) electrodes in MRI scanning at 1.5-T, 3.0-T 

and 7.0-T.  

Materials and Methods: The PINS DBS devices, a new type of DBS system, were stereotactically 5 

implanted into the brains of New Zealand rabbits, targeting the left nucleus ventralis posterior 

thalami, while on the right side a puncture passage pointing to the same nucleus was made by slowly 

withdrawing the lead after insertion. MR scanning of routine sequences at multiple levels (1.5-T, 

3.0-T and 7.0-T) was performed using the transmit/receive head coils. The responses of the 

surrounding tissue were evaluated by hematoxylin and eosin staining (H&E staining) and 10 

transmission electron microscopy (TEM). The amount of the 70k Da heat shock protein (HSP-70) 

was quantified by western blot and quantitative polymerase chain reaction (QPCR) to further 

evaluate the injury.  

Results: H&E staining and TEM showed that the injury around the DBS electrode was indistinctive 

to that of the control group (p > 0.05). The differences of the pathological alterations among MRI 15 

groups were also insignificant (p > 0.05). Besides, western blot and QPCR failed to show significant 

differences between the DBS side and the puncture side in each group (p > 0.05).  

Conclusions: Based on these results, we speculated that MRI at different levels did not induce 

morphologically observable and molecularly detectable heating injury to the brain tissue surrounding 

the DBS lead. Although no extrapolation could be made to human tests due to the anatomical 20 

                                                             
RF: radio frequency, MRI: magnetic resonance imaging, SAR: specific absorption rate, DBS: deep brain stimulation, 
VPN: nucleus ventralis posterior, SE: spin echo, GRE: gradient echo, FLAIR: fluid attenuated inversion recovery, H&E 
staining: hematoxylin and eosin staining, TEM: transmission electron microscopy, HSP-70: 70kDa heat shock 
protein, QPCR: quantitative polymerase chain reaction 
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differences, these preliminary data furthered our understanding of the MRI-related implant heating 

and encouraged future investigations on human subjects. 
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Introduction 

 25 

Deep brain stimulation (DBS) is a surging neurostimulation technique and has attracted much 

academic attention. Its efficacy has been verified but its safety is still under discussion, 

especially for the heating in radio frequency (RF) field during magnetic resonance imaging 

(MRI) [1-3]. Based on numerous investigations, only 1.5-T MRI with RF of 64MHz is 

considered relatively safe when specific guidelines are followed [4-6]. Any attempts trying to 30 

surpass such limitations may expose patients to risks of burning as previously indicated [7, 8]. 

It is true that confining the MRI field strength to only 1.5-T can be protective to patients [2, 5, 

9]. However, many hospitals do not have 1.5-T MRI and their MRI systems at else field strength 

(1.0-T, 3.0-T, etc.) are excluded, which is unfortunate. Moreover, MRI systems at higher field 

have many advantages over the routine 1.5-T ones, including higher image quality with higher 35 

signal-to-noise ratio, faster scanning speed, unique sequences that require higher static magnetic 

field, etc. [10, 11]. Thus, the application of higher field MRI to patients with DBS devices seems 

essential. · 

Currently, MRI-induced heating of DBS devices has been studied on multiple levels [5, 9, 

12]. It is believed that the heating is an interaction between the DBS lead and the external 40 

electromagnetic field. Several mechanisms are involved in such process, including the 

electromagnetic induction, the circuit resonance and the antenna effect, the last two being 

substantially important in heat production [6, 13]. The absorbed energy comes mostly from RF 

resonance [4, 12]. The dosimetric quantity used to evaluate the absorption is specific absorption 

rate (SAR). SAR is thought to be associated with the magnitude of static magnetic field, the 45 
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frequency of RF, the density and electric characteristics of the tissue-implant complex, and some 

other factors (i.e., E is the internal electric field,  is tissue density,  is tissue 

conductivity) [14-16]. Thus, when the MRI scanner changes from 1.5-T/64MHz to 

3.0-T/128MHz, the SAR and the corresponding heat are likely to have a sharp rise.  

However, such estimation of the thermal effects has many defects. First, the equation is an 50 

over-simplification of the actual SAR and at times it is not accurate [9, 16]. Second, evaluation 

of the thermal effects from SAR is unreliable since a myriad of other factors are influencing such 

process [3, 14, 17, 18] Also, some investigations performed on higher-field systems with higher 

RF frequency (i.e., 3.0-T/128MHz, 7.0-T/300MHz or higher magnitude) did not detect 

significant temperature elevation on the implants as calculated from the estimation [19-23]. 55 

Additionally, several investigations even found lower temperature changes in 3.0-T/128MHz 

MRI than in 1.5-T/64MHz MRI [24-26]. Besides, most of the studies concerning the heating 

were acquired in vitro. The response of neural tissue to the MRI-related heating in ultra-high 

field MRI remained unexplored [9]. Thus, more data are required to confirm the heating effects 

of DBS lead in higher field MRI under in vivo conditions. 60 

In consideration of the above, we designed this preliminary in vivo comparative experiment 

to study the MRI-related DBS heating at ultra-high field strength. 

 

Materials and Methods 

 65 

Ethics Statements and Animal Grouping 

This study was performed between 8 am and 3 pm and was in accordance with the 

recommendations from the Guidelines for Use and Care of Experimental Animals, as approved 
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by the Beijing Association on Laboratory Animal Care (Permit Number: SYXK 2010-0141). 

The entire surgery was conducted under urethane anesthesia (1 mg/kg, i.m., Sigma, St. Louis, 70 

MO, USA), and the average anesthesia time was approximately 1 hour. The vital signs (heart 

rate: 100-120 bpm, respiration rate: 10-14/min, and temperature of anus: 37.5-38.5 °C) were 

continuously monitored throughout the anesthesia. We kept the temperature of the surgery room 

and the MR scanning room at 35 °C using the temperature control system in order to lessen the 

influence of the anesthetics on the core temperature. Every effort was made to minimize 75 

suffering during the procedure. 

The New Zealand rabbit was used for its easy availability, relative inferiority as well as its 

brain size large enough for the DBS lead. Forty-eight male adult rabbits (weighing 4.5-6.0 kg), 

provided by the Laboratory Animal Center of Military Medical Science Academy, were 

randomized into Group 1 (G1, 7.0-T group, n=12), Group 2 (G2, 3.0-T group, n=12), Group 3 80 

(G3, 1.5-T group, n=12) and Group 4 (G4, control group, n=12). Each group was evenly divided 

into two subgroups (A and B, n=6) since further processing was different. According to relative 

studies, six samples per group are statistically sufficient in detecting the differences [27, 28]. The 

grouping information was shown in Table 1. The experimenters were totally blind to the 

grouping of rabbits. 85 

 

DBS Implantation 

The PINS DBS system (Model G101, PINS Medical Co. Ltd., Beijing, China, Fig.1) was 

used in this study, which has been verified of its effectiveness and recently released for clinical 

use in China as a substitute for the Medtronic DBS devices [29]. Parameters of the PINS DBS 90 
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system were shown in Table 2 (the parameters of the DBS lead were very close to that of the 

Medtronic Model 3389 system). Implantation was performed by a team experienced in DBS 

procedure, targeting the left nucleus ventralis posterior thalami (VPN), using stereotactic 

devices for rabbits (David KOPF Instruments, Tujunga, CA, USA), according to the atlas (Fig. 2, 

A Stereotaxic Atlas of the New Zealand Rabbit's Brain, Ivan Urban, Springfield, Charles C 95 

Thomas Publisher, 1972). VPN was chosen because its size and position were in favor of DBS 

implantation. Stereotactic coordinates of VPN, verified in our pre-test, were 12.0 mm anterior to 

the posterior fontanel, 4.0 mm lateral to the sagittal suture, and 10.5 mm deep to the dura mater. 

The extension was tunneled subcutaneously through the neck with the connector placed at the 

middle of the neck. The extra wire was not winded around the burr hole on the head as some 100 

surgeons did in clinical practice. On the contrary, the extra wire was zigzagged fixated on the 

surface of the stimulator (six to seven folds) with sterilized band in order to reduce the wire 

located on the head (Fig. 1), which was conducive to reduce the covering of the brain by the 

artifact in MRI as verified by our pre-test. The stimulator was placed 8-10 cm below the last rib 

and 6-8 cm beside the spine. The above positioning of extension and stimulator was to simulate 105 

the bearing of the DBS device inside the coil during an MRI examination. Paracentesis (puncture) 

to the same nucleus on the right side of the experimental groups and on both sides of G4A was 

made by slowly withdrawing the DBS lead after insertion, simulating the mechanical injury of 

DBS implantation. The wounds were carefully sutured. The electric impedance of the devices 

was examined to ensure correct connection of the DBS devices and the stimulators were turned 110 

off throughout the experiment. Rabbits of G4B underwent general anesthesia for 1 hour without 

operation. 
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MRI Scanning 

MRI scanning was conducted at levels of 1.5-T, 3.0-T and 7.0-T, using transmit/receive head 115 

coils (1.5-T: GE Healthcare, UK; 3.0-T: Siemens, US; 7.0-T: Bruker, Germany). The rabbits 

were secured in supine position with heads fixed within the head holder, so that their bearing and 

the relative position between the DBS lead and head would be similar to that used by human 

during MRI. Three separate runs composed of standard spin echo (SE), gradient echo (GRE) and 

fluid attenuated inversion recovery (FLAIR) sequences were performed at each magnitude, 120 

taking more than 25 minutes. All the required patient weight was entered 50Kg. The whole head 

averaged SARs for each run (the displayed SAR was corrected for the difference between rabbit 

and human using the method described by Gorny KR [23, 30]) were 0.24-2.20 W/kg for 1.5-T 

MRI, 0.44-2.60 W/kg for 3.0-T MRI and 0.52-2.96 W/kg for 7.0-T MRI (Table 3). Only rabbits 

with precise placement of DBS lead in MRI were included in the following experiments (Fig. 3). 125 

After MRI scanning, rabbits were put back to their cages without feeding. Most rabbits awoke 

within 1 hour. No obvious neurological deficits were found.  

 

Pathology 

Twenty-four hours after MRI scanning, an appropriate time point to detect tissue injury and 130 

apoptosis [31, 32], rabbits were euthanized and decapitated. The brains were dissected along the 

puncture passage on a plane vertical to the sagittal axis (Fig.4). Samples near the end of the 

puncture passages from the anterior halves of the brains were processed for H&E staining. 

Observation was conducted using a light microscope (Axio imager A2, Carl Zeiss, Germany), at 
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the distance of 0.1 mm, 1.0 mm, 2.0 mm and 3. 0mm away from the passage (measured by the 135 

software of the microscope). At each distance, the overall injury was assessed and scored in five 

random visual fields by a blinded pathologist, using the criteria shown in Table 4. Tissue blocks 

of appropriate dimensions from the posterior halves of the brains were processed for TEM, at 

depth of 8 mm to the dura and at distance of 0.1 mm (immediately adjacent to the passage), 1.0 

mm, 2.0 mm and 3.0 mm away from the passage. Ultrathin sections of the samples were 140 

observed and pictured using a Hitachi H-7650 electron microscope (Tokyo, Japan). The 

ultrastructural changes were assessed by the pathologist. The injury of the neurons from each 

sample was scored in five random visual fields according to the criteria in Table 5. If there were 

several neurons in one visual field, the worst was scored. The scoring systems in Table4 and 

Table 5 was designed by pathologists from Beijing Neurosurgical Institue, based on relevant 145 

references [33-38]. An increment of 0.5 point was added to the score when the injury was 

between two items in Table 4 and Table 5.  

 

Measurements of 70k Da Heat Shock Protein (HSP-70) and the mRNA 

Five hours after MRI scanning, when HSP-70 is regarded at its peak [39, 40], the rabbits of 150 

the B subgroups were euthanized and decapitated. The brains were similarly dissected. The 

tissue of appropriate amount surrounding the end of the lead and the passage was processed for 

western blot and QPCR assay (Fig.5). The HSP-70 quantity was determined by western blot 

using a mouse monoclonal antibody that specifically and exclusively recognizes the 

stress-induced species of HSP-70 (Abcom, Hong Kong).β-actin was used as a marker to 155 

quantify the relative quantity of HSP-70 in the cell. QPCR analysis was performed to quantify 
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the HSP-70 mRNA. The sequence of the genes that encode HSP-70 was obtained on-line from 

the public database of NCBI (Gene ID: 100354037). The following gene-specific DNA primers, 

which were designed to specifically recognize the mRNA of HSP-70 using Primer Premier 

version 5.0 (PREMIER Biosoft International, California, USA), were used on all rabbit tissue: 160 

forward, 5’- ATG GCC AAA GGC ACG GCG -3’; reverse, 5’- GCG GGT TCA GCG CCA 

CCTG -3’. The mRNA of β-actin was used as a marker RNA to quantify the relative quantity 

of HSP-70 mRNA: forward, 5’-TGA GAG GGA AAT CGT GCG TGA CAT-3’; reverse, 

5’-ACC GCT CAT TGC CGA TAG TGA TGA-3’. The mRNA levels of HSP-70 andβ-actin 

were relatively quantified using a fluorescence detection system (CFX96, BioRad, California, 165 

USA). We confirmed that each product made by the primers of the target gene showed a single 

melting curve. 

 

Statistical Analysis 

Quantitative data were presented as Mean±SD (standard deviation). All data were analyzed 170 

statistically by One-way ANOVA analysis followed by LSD (least significant difference) test, 

using SPSS 19.0 software program, and difference was considered significant when p < 0.05.  

 

Results 

 175 

Comparison of Pathological Alterations around the DBS Electrodes 

H&E Staining 

As shown in Fig. 6 (Panels a, f, k, p), the pathology around the passage was featured by a 
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central puncture passage with injurious alterations that continuously weakened with distance. In 

the immediate vicinity of the passage (0.1 mm, Fig. 6, Panels b, g, l, q), severe injury was 180 

observed. Red neurons (black circles), ghost cells (rightward black arrows), and vacuolization 

(black asterisks) were prevalent. Karyorrhexis (upward white arrows) was common. The 

remaining cells were either swollen (white circles) or evidently pyknotic (downward black 

arrows). Focal hemorrhage (white asterisks) could be seen. At 1.0 mm (Fig. 6, Panels c, h, m, r), 

the injury diminished obviously comparing with 0.1 mm, with many evidently pyknotic cells 185 

(downward black arrows), swollen cells (white circles), red neurons (black circles) and 

apoptosis (rightward white arrows). Vacuolization (black asterisk) was less obvious. At 2.0 mm 

(Fig. 6, Panels d, i, n, s), the injury further declined. Oval lightly-stained swelling cells (white 

circles) were observed in the granulate matrix adorned with entangled fibers and swollen 

neuropils (leftward white arrows). Apoptosis (rightward white arrows), pyknotic cells 190 

(downward black arrows) and red neurons (black circles) were much less common. Ghost cells 

were not seen. At 3.0 mm (Fig. 6, Panels e, j, o, t), the injury nearly disappeared. Many 

angular-shaped neurons with darkly-stained Nissl’s bodies were nearly unimpaired, although 

sporadic apoptosis and mildly pyknotic cells could be found. The very slightly swollen neuropils 

(leftward white arrows) were beset within the indiscrete extracellular matrix. Besides, the 195 

scoring of H&E staining was processed by One-way ANOVA and the data showed that the 

injury declined with distance in each group. The pathological differences among G1A (L), G2A 

(L) and G3A (L) were insignificant (p > 0.05). Besides, the tissular injury of G1A (L), G2A (L) 

and G3A (L) was indistinctive to that of G4A (L) (p > 0.05) (Fig.7). 

Transmission Electron Microscopy 200 

app:ds:karyorrhexis
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In order to further compare the ultrastructural alterations of the injury around the passage, 

TEM was conducted at distance of 0.1 mm, 1.0 mm, 2.0 mm and 3.0 mm. The overall injury 

declined with distance in each group. At 0.1 mm (Fig. 8, Panels a, e, I, j. Magnification  1.0k), 

the injury was very severe. Large amount of cracked fragments from disintegrated organelles 

were observed. Mostly the neurons were obviously pyknotic, some with complete cell 205 

membrane and some without. The nuclei were deformed or ruptured. Karyorrhexis and 

karyolysis was common. The glials (astrocytes and oligodendrocytes) were overwhelmingly 

swollen, some of which were disintegrated. Cavitated axons with loosened myelin sheath were 

commonly seen. The structure of blood brain barrier was usually incomplete with huge foot 

processes of astrocytes and ruptured endothelium. At 1.0 mm (Fig. 8, Panels b, f, j, n. 210 

Magnification  1.0k), the injury was slightly ameliorated. Although lots of cells were still 

pyknotic, the nuclei were usually deformed but integrated. The proportion of disintegrated cells 

declined, together with the cracked fragments in extracellular matrix. The glials were still 

severely swollen, though a little better than 0.1 mm. Some axons were swollen with looming, 

undissolved neurofilaments. No ruptured capillaries were observed, though some were tumid. At 215 

2.0 mm (Fig. 8, Panels c, g, k, o. Magnification  0.8-1.0k), the injury was greatly improved 

since less pyknosis was observed. Swelling of neurons and glials was diminished. In some 

neurons only proportional endoplasmic reticulum and mitochondria were swollen, and in some 

astrocytes only decreased electron density was seen. The myelin sheath was still swollen. The 

capillaries were much less tumid with deformed and stenotic but larger lumens. At 3.0 mm (Fig. 220 

8, Panels d, h, l, p. Magnification  0.9-1.2k), the injury was much alleviated comparing with the 

former ones. Only trace swollen could be found in some of the organelles in neurons and glial 
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cells. Layer-like separation was less evident. The stenosis and deformation of capillaries were 

slight. Some parts of the samples at this distance could hardly be distinguished from the normal 

tissue. In addition, the scoring of TEM was processed by One-way ANOVA and showed that the 225 

ultrastructural differences among G1A (L), G2A (L) and G3A (L) were insignificant (p > 0.05). 

The tissular injury of G1A (L), G2A (L) and G3A (L) was also indistinctive to that of G4A (L) 

(p > 0.05) (Fig.9). 

 

Expression of HSP-70 surrounding the Passages 230 

Western Blot of HSP-70 

To quantify the injury around the passage, HSP-70 was determined by western blot. A 

representative photo is presented in Fig. 10. After correction toβ-actin, the relative levels of 

HSP-70 in each group was 0.173 ± 0.014 (G1BL), 0.168 ± 0.014 (G1BR), 0.181 ± 0.075 (G2BL), 

0.182 ± 0.044 (G2BR), 0.169 ± 0.012 (G3BL), 0.171 ± 0.015 (G3BR), 0.005 ± 0.002 (G4BL), 235 

0.003 ±0.001 (G4BR). The data were statisticall0y processed with One-way ANOVA and shown 

in Fig. 11. The expression of HSP-70 in the experimental groups were significantly higher than 

the control group (p < 0.05, *). Nevertheless, the variance of HSP-70 between the left side and 

the right side was not significant in each group (p = 0.094 #, 0.854 △, 0.587 □).  

QPCR of HSP-70 mRNA. 240 

The HSP-70 mRNA around the electrodes was measured by QPCR. The results were made 

into a bar graph shown in Fig. 12. After correction toβ-actin, the relative levels of HSP-70 

mRNA were 0.793 ± 0.024 (G1BL), 0.777 ± 0.019 (G1BR), 0.799 ± 0.036 (G2BL), 0.806 ± 

0.022 (G2BR), 0.770 ± 0.016 (G3BL), 0.783 ± 0.012 (G3BR), 0.054 ± 0.020 (G4BL), 0.049 ± 
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0.025 (G4BR). The expression of the HSP-70 mRNA was significantly higher in the 245 

experimental groups than in the control group (p < 0.05, *). However, no significant difference 

was found between the left side and the right side in each group (p = 0.397 #, 0.726 △, 0.489 

□). 

 

Discussion 250 

 

In the present investigation, we determined the responses of the surrounding tissue to the 

heating of DBS lead under different MR systems. Results from the morphological examinations 

(i.e., H&E staining and TEM) showed that the injury was severe with obvious necrosis in the 

vicinity of the passage, whereas at 2.0 mm and 3.0 mm the injury gradually diminished. This 255 

finding indicated that the influenced range was probably within a scope of several millimeters, 

which was in accordance with some former mathematical calculations of the distribution of 

temperature changes around the DBS lead in MRI [12, 41-43]. Besides, semi-quantification of 

H&E staining and TEM failed to show significant differences across the different groups in this 

study, suggesting that no “extra” morphological injury was induced around the DBS lead in the 260 

experimental groups and the control group, in addition to the mechanical injury.  

On the other hand, we also performed molecular examinations to evaluate the injury around 

the DBS lead since the elevation of the inducible HSP-70 parallels the total injury to the cell [44, 

45], even when the injury was mixed or inflicted in two steps [46]. Sometimes the inducible 

HSP-70 was used as a marker to estimate the overall damage to the cell [45, 47]. Results from 265 

western-blot and QPCR showed that no significantly higher levels of HSP-70 comparing with 
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the contralateral sides (p > 0.05), which implied that the elevation of HSP-70 might come from 

the mechanical injury of DBS implantation. Several studies have measured the temperature 

changes induced during electromagnetic coupling with MRI, and our results were in accordance 

with their findings [20, 23, 43]. Based on the above, we propose that in this study MRI at 270 

different levels failed to induce observable heating injury around the DBS lead.  

Our findings need to be further explained from the following aspects. First, based on former 

investigations concerning the heating of metal devices including the DBS devices in MRI 

scanning[3, 26, 48, 49], we think that the DBS leads were not likely to be totally spared from 

heating during the scanning. Second, previous studies with similar settings and parameters 275 

detected minor heating in RF radiation of ultra-high field and frequency [19, 22, 23]. Our data 

can be considered as a verification from a different aspect. Third, literatures showed that the 

production of inducible HSP-70 would be triggered when temperature of the cell was above 

39-40°C [50], which indicated that in this investigation the induced heat was not enough to raise 

the temperature of the surrounding tissue to such temperature [23, 51]. Fourth, our findings 280 

strongly suggested that the magnetic field and RF frequency might not be playing the most 

important part in the heating process. Lastly, our findings would be insufficient to absolutely 

confirm that no heating injury ever existed in this experiment. It was possible that some 

subcellular injury affecting the functions of organelles occurred without being detected by the 

examinations we employed. But even if the thermal injury really existed and was not detected by 285 

these examinations, we still have reasons to believe that the supposed thermal injury was 

negligible in this study. 

This in vivo study is preliminary and has limitations, primarily for its use of rabbits. The huge 
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anatomical discrepancies (i.e., the shape, dimensions and others) between human and rabbit 

makes the findings of this study inapplicable to human subjects. Nevertheless, our study may 290 

have important implications to the study of biological responses to the heating of implants in RF 

radiations in that the thermal conductivities and mass densities of the tissues within rabbit brain 

are very similar to those of human. Also, our data might be meaningful to future application of 

MRI scanning on pediatric patients of similar weight with DBS devices and other metal implants. 

Besides, the results from this study are significant to the exploration of the mechanisms of the 295 

heating of DBS devices in MRI scanning. Despite the disadvantages, the easy availability and 

relative inferiority of rabbits to primates also make it suitable for such a preliminary study.  

Our study is further limited in that no direct temperature data were presented. However, this 

study paid more attention to the morphological and molecular responses and the heating of DBS 

lead in RF field during MRI has been confirmed by lots of studies. The significance of our study 300 

is to provide preliminary in vivo observations of the tissular responses to DBS heating. Other 

limitations of this study involved the use of general anesthetics during MRI scanning. It is well 

known that anesthetic agents disrupt cerebral blood flow and reduce the baseline brain 

temperature [52, 53]. Thus, the influence on the heating of the DBS leads is unpredictable. We 

monitored and maintained the vital signs at a stable level, and kept the room temperature at 35°C, 305 

in order to minimize the influence of general anesthesia. Besides, as previous investigations 

indicated, the temperature at the DBS electrodes was primarily dominated by the heating of the 

DBS leads due to the RF radiation and not by the relatively slow changes of the brain 

metabolism induced by anesthesia [23]. Moreover, our data may also be useful to the sedated or 

unconscious patients in that the metabolism of the brain is similar [54]. 310 
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Because of these limitations, the data acquired by our study are insufficient to draw any 

general conclusions regarding safety of patients with implants during MRI scanning at ultrahigh 

field strength. In this sense, more studies are needed to study the MRI-induced DBS heating in 

more generalized conditions. 

 315 

Conclusions 

To our knowledge, this preliminary investigation is the first randomized controlled 

multi-animal study on the issue of the heating of DBS leads during MRI scanning, and the first in 

vivo study on the pathological and molecular responses of the brain tissue towards the supposed 

thermal injury from MRI-induced DBS heating. Results showed that the MRI at different levels 320 

failed to induce morphologically observable injury in addition to that from DBS implantation, 

and no extra HSP-70 synthesis other than that from the mechanical injury was detected. 

Although it was inappropriate to generalize or extrapolate the conclusions to other experiments 

in different settings, these preliminary data were encouraging future use of 3.0-T and 7.0-T MRI 

on patients with implanted neurostimulation devices. 325 
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Figure Legends 

 

Figure 1. PINS DBS device and the placement in rabbits. (A) PINS DBS device, Model G101, 

including stimulator, extension and lead. (B) Controller and personal digital assistant for PINS DBS 

device. (C) The stimulator of PINS DBS device with zigzagged wire on its surface. (D) Placement of the 

PINS DBS device in rabbits. 

 

Figure 2. Stereotactic atlas of the rabbit brain. The axial section of the rabbit brain showed the position 

of VPN. VPN: nucleus ventralis posterior thalami. 

 

Figure 3. MRI (sagittal and axial sections) at levels of 7.0-T, 3.0-T and 1.5-T. This image 

demonstrated the position of the lead (leftward, black arrow) which was covered by the artifact of the lead 

and the puncture passage (rightward, white arrow) which was unclear in 3.0-T and 1.5-T images.  

 

Figure 4. Processing of the brains for H&E staining and TEM. The brains were dissected along the 

puncture passage on a plane vertical to the sagittal axis. From the anterior half of the hemisphere, samples 

of appropriate dimensions around the end of the passage were obtained and processed for H&E staining. 

Tissue blocks from the posterior half were processed for TEM at the distance of 0.1 mm, 1.0 mm, 2.0 mm 

and 3.0 mm away from the passage. HE: H&E staining. TEM: transmission electron microscopy. A: 

anterior. P: posterior. L: left. R: right. 
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Figure 5. Processing of the brains for western blot and QPCR. Brains were dissected along the 

puncture passage on a plane vertical to the sagittal axis. The tissue of appropriate amount surrounding the 

end of the lead passage was processed for western blot and QPCR assay. WB: western blot. QPCR: 

quantitative reverse transcription polymerase chain reaction. A: anterior, P: posterior, L: left, R: right. 

 

Figure 6. H&E staining of the tissue around the passage. H&E staining was observed in low 

magnification and in high magnification at distance of 0.1 mm, 1.0 mm, 2.0 mm and 3.0 mm. Low 

magnification views (Panels a, f, k, p. Magnification  40) showed pathology around the passage featured 

by a central puncture with continuously-weakening injurious alterations. 0.1 mm views (Panels b, g, l, q. 

Magnification  400) showed extreme injurious pathology: red neurons (black circles), ghost cells 

(rightward black arrows), vacuolization (black asterisks), karyorrhexis (upward white arrows), swollen 

cells (white circles), evidently pyknotic cells (downward black arrows) and focal hemorrhage (white 

asterisks). 1.0 mm views (Panels c, h, m, r. Magnification  400) showed severe injury with many 

evidently pyknotic cells (downward black arrows), swollen cells (white circles), red neurons (black 

circles), apoptosis (rightward white arrows) and vacuolization (black asterisk). 2.0 mm views (Panels d, i, 

n, s. Magnification  400) showed moderate injury with oval lightly-stained swelling cells (white circles), 

swollen neuropils (leftward white arrows), apoptosis (rightward white arrows), pyknotic cells (downward 

black arrows), red neurons (black circles) and granulate matrix adorned with entangled fibers. 3.0 mm 

views (Panels e, j, o, t. Magnification  400) showed mild injury, unimpaired angular-shaped neurons with 

darkly-stained Nissl’s bodies, mildly pyknotic cells, slightly swollen neuropils (leftward white arrows) 

and indiscrete extracellular matrix. (L): left side. P (black): puncture. 

 

app:ds:karyorrhexis
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Figure 7. Injury scoring bar graph for H&E staining of the tissue around the passage. H&E staining 

of the tissue around the passage was evaluated and scored at distance of 0.1 mm, 1.0 mm, 2.0 mm and 3.0 

mm, each with five different visual fields. The data were processed with One-way ANOVA. Results 

showed that the injury declined with distance in each group. The pathological differences among G1A (L), 

G2A (L) and G3A (L) were insignificant (p > 0.05). Besides, the tissular injury of G1A (L), G2A (L) and 

G3A (L) was indistinctive to that of G4A (L) (p > 0.05). (L): left side. 

 

Figure 8. TEM of the tissue around the passage. TEM was conducted at distance of 0.1 mm, 1.0 mm, 

2.0 mm and 3.0 mm. At 0.1 mm (Panels a, e, I, j. Magnification  1.0k), the injury was generally very 

severe. Mostly the neurons were obviously pyknotic, some with complete cell membrane and some 

without. The nuclei were deformed or ruptured. Karyorrhexis and karyolysis was common. At 1.0 mm 

(Panels b, f, j, n. Magnification  1.0k), the injury was slightly ameliorated. Although lots of neurons were 

still pyknotic, the nuclei were usually deformed but integrated. The proportion of disintegrated neurons 

declined. At 2.0 mm (Panels c, g, k, o. Magnification  0.8-1.0k), the injury was greatly improved since 

less pyknosis was observed. Swelling of neurons was diminished. In some of the neurons only 

proportional endoplasmic reticulum and mitochondria were swollen. At 3.0 mm (Panels d, h, l, p. 

Magnification  0.9-1.2k), the injury was much alleviated comparing with the former ones. Only trace 

swollen could be found in some of the organelles in neurons. (L): left side. 

 

Figure 9. Injury scoring bar graph for TEM of the tissue around the passage. TEM of the tissue 

around the passage was scored at distance of 0.1 mm, 1.0 mm, 2.0 mm and 3.0 mm. The data were 

statistically processed and results showed that the ultrastuctural differences among G1A (L), G2A (L) and 
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G3A (L) were insignificant (p > 0.05). The tissular injury of G1A (L), G2A (L) and G3A (L) was also 

indistinctive to that of G4A (L) (p > 0.05). (L): left side.  

 

Figure 10. Western blot bands of HSP-70. Western blot bands of the tissue surrounding the passage in 

each group showing the quantity of HSP-70 andβ-actin. (L), left side. (R), right side. 

 

Figure 11. Western blot bar graph of HSP-70. Bar graph demonstrating the relative levels of HSP-70 as 

indicated by western blot. Each histogram represents the Mean ± SD of each group. The expression of 

HSP-70 in the experimental groups were significantly higher than the control group (p < 0.05, *). 

Nevertheless, the variance of HSP-70 between the left side and the right side was not significant in each 

group (p = 0.094 #, 0.854 △, 0.587 □). (*) p < 0.05, versus the control group. (#, △, □) p > 0.05, 

versus the contralateral side. (L), left side. (R), right side. 

 

Figure 12. QPCR bar graph of HSP-70 mRNA. Bar graph demonstrating the relative levels of HSP-70 

mRNA as indicated by QPCR. Each histogram represents the Mean ± SD of each group. The expression of 

HSP-70 genes was significantly higher in the experimental groups than the control group (p < 0.05, *). 

However, no significant difference was found between the left side and the right side in each group (p = 

0.397 #, 0.726 △, 0.489 □). (*) p < 0.05, versus the control group. (#, △, □) p > 0.05, versus the 

contralateral. (L), left side. (R), right side. 
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Tables 

Table 1. Grouping information. 

Groups Subgroups Procedure MRI H&E/TEM WB/QPCR 

G1(n=12) G1A(n=6), G1B(n=6) DBS(L), P(R) 7.0-T G1A(L) G1B(L/R) 

G2(n=12) G2A(n=6), G2B(n=6) DBS(L), P(R) 3.0-T G2A(L) G2B(L/R) 

G3(n=12) G3A(n=6), G3B(n=6) DBS(L), P(R) 1.5-T G3A(L) G3B(L/R) 

G4(n=12) G4A(n=6), G4B(n=6) P(L/R, G4A) * 7.0-T G4A(L) G4B(L/R) 

 

* Rabbits of group G4B underwent general anesthesia for more than 3 hours without operation. 

L: left. R: right. P: paracentesis. G: group. H&E staining: hematoxylin and eosin staining, TEM: transmission electron microscopy, HSP-70: 70kDa 

heat shock protein, QPCR: quantitative polymerase chain reaction 

 



An In-vivo Study of MRI-related DBS Heating 

 
 

27 

Table 2. Measurements and settings of the PINS DBS system. 

 

Measurements and Settings of the PINS DBS System 

Stimulator  Extension and Lead 

Dimensions (mm) (47±2)×(52±2)×(11±1)  Extension Length (mm) 510±20 

Weight (g) 35±3  Extension Diameter (mm) 2.5±0.2 

Stimulation Output Off  Lead Length (mm) 400±10 

Stimulation Mode Bipolar  Lead Diameter (mm) 1.3±0.2 

Amplitude (volt) 0  Electrodes Length (mm) 1.5±0.1 

Impedance (Ω) >4000  Electrodes Spacing (mm) 0.5±0.1 

Other Parameters No Changes  Distal Tip Distance (mm) 0.5±0.1 
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Table 3. Information and Parameters of MRI Scanners. 

 

Magnitude Manufacturer Scanner Coil  Software Runs Time SAR Frequency 

7.0-T Bruker ClinScan  H, T/R Syngo 3 25min 0.24-2.20 300 MHz 

3.0-T Siemens  Verio  H, T/R Syngo  3 28min 0.44-2.60 124 MHz 

1.5-T GE  Signa HDxt  H, T/R GE  3 32min 0.52-2.96 64 MHz 

 

H: head. T/R: transmit/receive. SAR: specific absorption rate. 
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Table 4. The criteria for scoring tissue injury in H&E staining.  

 

Scores Observation 

0 Normal. The cells and extracellular matrix were uninjured. 

1 Mildly injured. Slightly swollen cells with decreased protrusions spread in the homogenous 

extracellular matrix. Pyknotic cells, apoptosis or necrosis was rarely seen. 

2 Moderately injured. Oval lightly-stained swelling cells. Increased red neurons, pyknotic cells, 

apoptosis and necrosis were observed in the granulate matrix adorned with entangled fibers. 

Neuropils were swollen.  

3 Severely injured. Red neurons, pyknotic cells and apoptotic cells were commonly seen. 

Eosinophilic ghost cells interspersed in structureless matrix with disorganized neuropils and 

tangling fibers. 

4 Deadly injured. Eosinophilic ghost cells and conspicuous coagulative necrosis prevailed. 

Several pyknotic cells and red neurons interspersed in the cluttered matrix which was filled up 

with vacuoles left by dead neurons. 

 

H&E staining: hematoxylin and eosin staining.  

Minimal increment: 0.5. (Designed by Beijing Neurosurgical Institute, 2012) 
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Table 5. The criteria for scoring the neuronal injury in TEM.  

 

Scores Injurious manifestations of the neurons in TEM  

0 Basically normal. 

1 Slightly injured, focally distended ER, condensed or swollen M, fovea on karyolemma.  

2 Mildly injured, general swelling of organelles, clearly decreased cytoplasmic electron density, 

major depression of karyolemma. 

3 Moderately injured, severe swelling of the entire cell, formation of cytoplasmic vacuoles or blebs, 

evident cell shrinkage, transparent cytoplasm. 

4 Severely injured, pyknotic cells with deformed but integrated cell membrane and karyolemma, 

apoptosis. 

5 Near death, pyknotic cells with trace of karyorrhexis or karyolysis; disruption of cell membrane, 

rupture of karyolemma, disintegration of organelles; apoptotic bodies. 

 

TEM: transmition electron microscopy. M: mitochondria. ER: endoplasmic reticulum.  

Minimal increment: 0.5. (Designed by Beijing Neurosurgical Institute, 2012。 
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