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Supplementary methods
[bookmark: __Fieldmark__40_3916728419]Preparation of Crocodiles: Five juvenile Nile crocodiles (Crocodylus niloticus, body length 61-73 cm), supplied by the crocodile farm “La ferme aux crocodiles” (Pierrelatte, France) and housed in the zoo of Bochum were used in this study. All animals were returned to the crocodile farm after the experiments. Crocodiles were housed together in a 200 cm x 250 cm terrarium containing both water and land sections, specifically designed to accommodate their natural environment to keep stress levels low. Air and water temperature within the terrarium were kept constant at 24˚C and 26˚C, respectively. Humidity was kept at 60%. Animals were fed two times a week with chicken or fish. Since animals never finished all of the food offered, we assume that they were fully sated when entering the experiment. Before the experiments, individual animals were transported to the scanner center of Bochum University in an insulated transport box. Before the scans, animals were mildly sedated with an intramuscular injection of medetomidine (0.5-1 mg/kg) on the ventral aspect of the tail. Previous studies have shown that medetomidine, an α-2 adrenergic agonist, has only a weak effect on BOLD signals and is thus widely used in fMRI studies [1]. The animal was then placed in a closed Styrofoam box on a heating blanket for 30 min to limit physiological stress and increase the efficacy of drug delivery. The animals were then secured in a custom made holding device which was placed in the scanner (Fig. 1A). Post scanning, animals received intramuscular injections of Atipamezol (Antisedan©, 1 mg/kg) in the forelimb to counteract the effects of sedation. After returning the animal to the zoo, it was kept in a separate terrarium for 24h to allow a complete recovery from sedation.

MRI protocols
[bookmark: __Fieldmark__83_3916728419]Before running the anatomical and functional sequences, we measured the longitudinal (T1) and transverse (T2 and T2*) relaxation times of crocodile brain tissue using exactly the same imaging parameters as in [2] in order to optimize the tissue contrast in the anatomical RARE images and the BOLD sensitivity of the GE-EPI sequence.
As in [2], T1 measurements were carried out using a multiple spin echo saturation recovery method with variable TR (RAREVTR). The following imaging parameters were used: effective echo time (TE) = 53.3 ms; TR-array = 0.300, 0.530, 0.800, 1.100, 1.460, 1.900, 2.460, 3.250, 4.570, 10s; number of average = 2; RARE factor = 14; matrix size = 256×256; field of view (FoV) = 40×40 mm2; slice thickness = 1 mm; number of slices = 1 coronal slice (to avoid interslice signal modulation); read orientation = Left-Right (L-R). The total acquisition time for T1 measurements was 15 min 50 s.
T2 values were measured using the Bruker MSME sequence. Imaging parameters were as follows: repetition time (TR) = 3s with an effective spatial bandwidth of 60 kHz; no averaging; number of slices = 1; number of echoes = 16 with first echo time = 10.73ms. The geometry was kept identical to the geometry in T1 measurements. The total acquisition time to measure T2 images was 12 min 48 s.
For T2* measurements the multiple gradient echo (MGE) sequence of Bruker was used with TR=2.5 s; first echo time = 3 ms; echo spacing = 4 ms; number of echo images = 20; Excitation pulse angle = 60o. The geometry was kept identical to the geometry in T1 measurements.
While scanning animals, an infrared MRI compatible camera (MRC Systems GmbH, 12M-i) was used to monitor the behavior of the animal.

Data Processing
T1, T2, and T2* relaxation times constant were estimated voxelwise by nonlinear least square data fitting using the image sequence analysis (ISA) toolbox of Paravision 5.1 (Bruker BioSpec, Germany). The T2 and T2* values were estimated using the fit function:, where A is the absolute bias, C the signal intensity, T2 the transverse relaxation time and t the variable echo times. The T1 values were determined by fitting the saturation recovery (SR) fit function, y(t) = M0 (1-exp(-t/T1)), where M0 is the equilibrium magnetization and t the saturation recovery time. Figure S2 summarizes the in vivo T1 and T2 relaxation time maps for selected slices in the crocodile forebrain. 
[bookmark: __Fieldmark__220_3916728419][bookmark: __Fieldmark__241_3916728419][bookmark: __Fieldmark__271_3916728419][bookmark: OLE_LINK23][bookmark: OLE_LINK22][bookmark: OLE_LINK21]GE-EPI is the most common fMRI sequence used to investigate primate brain functions. Since, no data on the GE-EPI sequence behavior in cold blooded animal brains (in this case crocodiles) has been reported before, the spatial noise behavior and temporal stability of the MR signal was assessed by measuring time series of resting state scans for the duration of 10 minutes. These time series were analyzed at each voxel position for three metrics: signal-to-noise ratio (SNR), temporal SNR (tSNR), and signal-noise separation (SNS) [3]. To evaluate the quality of the data, the resting state data were processed in the same way as the task based data except that linear detrending and high-pass filtering (f>0.005) were done using the REST toolbox in MATLAB [4]. In order to calculate SNR and SNS, a region of interest (ROI) was defined in an artifact free region outside the brain. For each voxel, SNR was calculated as the mean signal of the time series divided by the standard deviation of all voxels of the background ROI (). Since the distribution of image intensity in magnetic resonance magnitude images is governed by a Rician distribution, the standard deviation of the background ROI was corrected using the relation  to estimate the true noise power of the original complex data [5,6]. To evaluate the temporal stability of the MR signal, tSNR in each voxel was calculated as the ratio of the time-series mean by the time-series standard deviation (). SNS is defined as the Pearson correlation coefficient between the time series of single voxels within the brain and an average time series of voxels outside the imaged object.
[bookmark: OLE_LINK20][bookmark: OLE_LINK19]Figure S1 shows a set of gray scale and color coded images depicting SNR, tSNR, and SNS maps used to assess the quality of the fMRI data.  SNR and tSNR in the regions of interest were high and ranged from 300 to 500 and 200 to 300 respectively, after pre-processing. As illustrated in Figure S1e, there was no correlation between the chosen noise-ROI and the signals from voxels in brain tissue, indicating good SNS.

Supplementary results
Temporal properties of the BOLD response
[bookmark: __Fieldmark__357_3916728419][bookmark: __Fieldmark__362_3916728419][bookmark: __Fieldmark__367_3916728419][bookmark: __Fieldmark__387_3916728419]The temporal properties of BOLD responses were not only modulated by stimulus type. During binocular visual stimulation there was a statistically significant difference between the onset latency of activation between cVsI and Rt. cVsI had a longer onset latency compared to Rt and a later offset persisting beyond the stimulation period by approximately 4s (Fig.2). Differences between the BOLD response of these two regions could be attributed to differences in neuronal density [7,8], anatomical topographic location [9] and vascularization, such as differences in the dynamic properties of the local regulation of cerebral blood flow and volume [10]. The peak time of BOLD responses (12-24s) in the visual ADVR of the crocodile brain differs considerably from studies in the visual cortex of monkey [11,12] in which BOLD signal reaches a peak at (7-10s) after stimulus onset. 
[bookmark: __Fieldmark__399_3916728419][bookmark: __Fieldmark__412_3916728419][bookmark: __Fieldmark__421_3916728419][bookmark: __Fieldmark__426_3916728419][bookmark: __Fieldmark__432_3916728419][bookmark: __Fieldmark__437_3916728419][bookmark: __Fieldmark__443_3916728419][bookmark: __Fieldmark__449_3916728419][bookmark: __Fieldmark__455_3916728419][bookmark: __Fieldmark__460_3916728419][bookmark: __Fieldmark__465_3916728419][bookmark: __Fieldmark__471_3916728419]The dynamic aspect of BOLD response in primary auditory regions of crocodiles are in agreement with the time lines established in the primary auditory system of birds [13]. In birds BOLD response peaks that range from 5-10s in Field L are very similar to those observed in the crocodile (6-10 s after stimulus onset for cAuI, cAuII). Data on the hemodynamic response of higher order auditory regions of birds [13] report BOLD response peaks after about 10-20s in NCM. These values are longer than the initial peak time in the comparable region of the crocodile brain (cAuIII, 4-7s). In terms of signal strength, the maximum BOLD signal change we observed in crocodiles was 0.7% using a gradient echo EPI sequence with TE=30ms at 7T scanner which is much lower than the signal strength in mammals like monkeys ([14] auditory stimulation, maximum BOLD change 3%) or humans ([15], auditory stimulation, maximum BOLD change 2%). In rats, strong BOLD responses (>1%) have been reported at 7T [16] and 11.5T [17] using EPI at echotimes of 15 to 19ms. In mice, Niranjan et al  [18] reports max BOLD  >1% at 9.4T with TE=19ms. Also in birds, BOLD signal changes after auditory stimulation are higher than in crocodiles (e.g. [13], European starling, auditory stimulation, change 3%). This difference can be likely attributed to the reptilian nature of the Nile crocodile. In contrast to homoeothermic mammals and birds, a reptile has a metabolic rate, breathing rate, cardiac output and blood pressure which are much more temperature dependent [19–25]. All these factors likely have an impact on BOLD signal strength. At a temperature level of approximately 23-24 degrees Celsius used in our study, all these characteristics were in comparison to mammals/birds reduced in our crocodiles which could be one explanation for the relatively low BOLD signal strength. Furthermore, the four chambered heart as well as the classic cardiac shunts common to reptiles with the consequent admixture of oxygenated and deoxygenated blood [24,26], are likely to have an effect on BOLD strength as well. Also, differences in hemoglobin binding mechanisms [27–29] blood viscosity [29] and oxidative energy requirements of tissue, all altering blood oxygen transport, between endotherms and ectotherms surely have an effect on BOLD signal strength. However, data on these factors in relation to BOLD signal composition are not available yet and trying to assign an effect size to each of the characteristics would be purely speculative at the current time point. Future fMRI studies in reptiles might consider using a higher spatial resolution or BOLD sensitive sequences based on Spin Echoes, which will result in more specific BOLD brain activation and for small regions in a higher BOLD signal strength.
Taken together, the latency of initial BOLD responses in the auditory and visual systems is much shorter in mammals compared to reptiles and birds. Differences in the temporal aspects of BOLD responses between mammals, birds, and reptiles might be related to a variety of physiological differences including vascular reactivity, neurovascular coupling, body temperature, brain size, neuronal processing, and also fMRI techniques employed. Thus, further cross class fMRI studies are required to understand these differences in detail.

[bookmark: __Fieldmark__491_3916728419][bookmark: __Fieldmark__497_3916728419]In our study, we could not pick up any significant change in BOLD signal from the thalamofugal system in response to visual stimulation. This could have several reasons. In pigeons, the thalamofugal visual system is specialized for lateral visual field view while the tectofugal system mainly processes stimuli in the frontal visual field [30]. Since the light stimulus in the current study was positioned in the frontal visual field of the crocodile (Figure 1A), it is possible that we simply did not stimulate pathways that represent the lateral field of view sufficiently. Alternatively, the thalamofugal system could have been activated but due to the typical sparsity of spiking in the cortex, as demonstrated in turtles, visual responses might be rapidly adapting in this region (see e.g. [31,32]). Since the temporal resolution of fMRI is limited (in our case 2 sec) it might have not been sufficient to record any short lasting activity in the cortex. In this case, the expected activation of the lateral geniculate nuclei might have been overshadowed by the high activity of nucleus rotundus which lies in very close proximity to the lateral geniculate and might not be separable from it due to the relatively low spatial resolution of fMRI.

Removal of further breathing artifacts
Despite solving the motion artifact caused by respiration, whole brain signal modulation was observed as a result of the deep breathing bouts common to crocodiles (period of occurrence at ~20 min intervals, Figure S04). By detecting retrospectively the onsets and ends of those respiratory modulations in the whole brain BOLD signal, we could identify the time points compromised by deep respiration bouts. Because the amplitude of these signal distortions was unpredictable and larger than the BOLD signals investigated, we removed from the data analysis all the time points affected by these respiratory events. By precaution, we removed in addition all time points 8 seconds before the start and 8 seconds after the end of the deep breathing bouts signal modulations.
 
Effect of Echo time on BOLD signal
[bookmark: OLE_LINK14][bookmark: OLE_LINK13][bookmark: OLE_LINK12][bookmark: __Fieldmark__530_3916728419][bookmark: OLE_LINK2][bookmark: OLE_LINK1][bookmark: OLE_LINK17][bookmark: OLE_LINK16][bookmark: OLE_LINK15][bookmark: __Fieldmark__563_3916728419]The BOLD contrast depends on the echo time (TE) and it is generally accepted that a TE close to the T2* relaxation time is the desired value for most neuroimaging studies [33]. To test the validity of the BOLD signal, we also checked the effect of echo time on the evoked BOLD response in crocodilians. We scanned the animal brain with a short TE=18.6ms and long TE=30ms (which was close to our estimation of T2* relaxation time of the crocodile brain, T2* is between 30-45ms) when classical music was presented to the animals. The results showed that a short echo time increased signal to noise ratio, and reduced the susceptibility artifact but also reduced the amplitude of the BOLD signal (Figure S05) which is in line with the mammalian study conducted by Gorno-Tempini et al. [34]. Echo time of 30ms was used for ? all following fMRI experiments.

Monocular visual stimulation
The monocular visual stimuli were presented with optic fibers strategically positioned to present light to one eye only. The eyes were neither taped close nor were the eyelids taped open to reduce the amount of physiological stress. 
[bookmark: OLE_LINK3][bookmark: __Fieldmark__581_3916728419][bookmark: __Fieldmark__592_3916728419]To confirm our findings, we also performed monocular visual stimulation using the red 8 Hz stimulus in 4 subjects. Since the optic nerve of crocodiles decussates virtually completely at the optic chiasm [35,36] we only expected a contralateral activation to the stimulated eye. Indeed, monocular stimulation only evoked a BOLD response in the contralateral hemisphere, with the distribution of activated voxels within each hemisphere being identical to the binocular condition (Figure S06). In this monocular stimulation the BOLD response persisted after the stimulus period and reached a peak at 23.1±2.6s, identical to the binocular condition (two-sample t-test, p>0.05); however, in contrast to the binocular stimulation, no Rt activity was recorded during monocular visual stimulation. The lack of Rt responses in the monocular stimulation paradigm appears to be related to the observation that the Rt receives bilateral input from the optic tectum [37]. As monocular stimuli only activated the optic tectum contralateral to the stimulus, Rt will only receive unilateral input, resulting in lower Rt activation in comparison to a binocular stimulation paradigm, which is likely to be under the detection threshold of our protocol.
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Supporting figures
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Figure S01- Assessment of data quality. (a) Representative anatomical images and (b) GE-EPI images from a single subject. Furthermore, (c) maps of SNR, (d) tSNR, and (e) SNS of resting state data were acquired using the same single shot- GE-EPI sequence as for task-fmri. Images were processed in the same way as the task based data except that linear detrending and high-pass filtering (f>0.005) were done using the REST toolbox in MATLAB. The SNS map demonstrated no correlation between the time course of the background noise ROI and the time course of single voxels within the brain.
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Figure S02- T1 and T2 relaxometry maps of the Nile crocodile brain. (a) A coronal image (left) acquired with the RARE sequence at 7T to indicate relevant ROIs. Furthermore, T1 (middle) and T2 relaxation maps (right) are depicted. Note the almost absent separation between gray and white matter in the forebrain. The selected ROIs were anterior dorsal ventricular ridge (ADVR), nucleus dorsomedialis anterior (Dma), general/dorsal cortex (DC), Hippocampus (Hipp), Hypothalamus (Hyp), posterior dorsal ventricular ridge (PDVR), Nucleus rotundus (Rt) and Ventricle (V). T1 relaxation times in these regions were (ADVR) 1.90±0.07, (Dma) 1.72±0.09, (DC) 1.85±0.29, (Hipp) 1.78±0.12, (Hyp) 164±0.12, (PDVR) 1.79±0.13, (Rt) 1.65±0.07 and (V) 3.22±0.31s (mean±SD). T2 relaxation times were 70.64+2.53, (Dma) 66.71+3.2, (DC) 70.55+3.09, (Hipp) 64.56±2.22, (Hyp) 67.83±1.96, (PDVR) 68.93±2.08, (Rt) 62.35±2.14 and (V) 336.14±11.14ms (mean±SD). Standard deviation represents variations within a selected ROI.

[image: R:\Mehdi_PhD\Projects\Running Projects\Crocodile_fMRI\text\Figures\Figure_S03.tif]
Figure S03- Plots of the 10x down-scaled translational (left) and rotational (right) motion parameters estimated by the toolbox MCFLIRT, FSL 4.0 for each of the five mildly sedated crocodiles used in this study (A-E). Data stability was estimated by a 3D rigid body model with six degrees of freedom for translation and rotation. Blue, green, and red lines correspond to the direction of movements in x, y, and z-direction. Mean motion across all animals in any direction was 0.018 ± 0.003mm (mean ± SD).
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[bookmark: OLE_LINK11][bookmark: OLE_LINK10]Figure S04- BOLD signal intensity in (A) the auditory region (cAuI) during display of Bach music and (B) in the visual region (cVsI) during presentation of flashing red light at a 5Hz frequency. The red circles outline artifacts of the BOLD signal caused by the deep breathing bouts common to crocodiles. The affected volumes at the time of breathing were removed from the fmri analysis.
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Figure S05- BOLD responses in three auditory regions of the Nile crocodile (A: cAuI, B: cAuII, C: cAuIII) in response to Bach music, measured with two different echo times TE=18.5ms (blue) and TE=30 ms (red). TE close to the T2* relaxation time is the desired value for GE-EPI sequences to detect BOLD signal. The result depicts that short TE reduced the amplitude of the BOLD signal. To increase sensitivity, TE of 30ms was used in the following experiments.


[bookmark: OLE_LINK26][bookmark: OLE_LINK25][image: R:\Mehdi_PhD\Projects\Finished Project\Crocodile_fMRI\text\RoyalSociety\ProcB Submission\revision\Figure_S06.tif]Figure S06- Visual activation maps of the Nile crocodile brain during monocular visual stimulation. BOLD response patterns to monocular stimulation with red light at an 8 Hz flickering frequency of the left (A) and right eye (B) are depicted. Z score maps show group results for the stimulation period vs dark period comparison (mixed effect model, FLAME1+2, p<0.05, N=4). BOLD responses were only detectable in the hemisphere contralateral to the stimulated eye. Graphs in the lower right corner in A and B show changes in BOLD signal before, during and after the stimulus period (highlighted in grey). Error bars represent SEM.
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[bookmark: OLE_LINK5][bookmark: OLE_LINK4]Figure S07- Image series acquired with a fast multiple spin-echo (RARE) sequence at 7T from an ex-vivo Nile crocodile brain. The spatial resolution is 80×80×98 µm3. Scan time was 51h. In the upper row, areas identified in this study are outlined. The lower row shows the measured BOLD signal mapped on the structural MRI images. The identified areas overlap well with fiber rich areas (darker image contrast) within the DVR, likely representing termination fields of diencephalic projection fibers. Also the diencephalic nucleus rotundus is well visible in the structural MRI picture and does overlap with the measured BOLD signal.
[bookmark: OLE_LINK18][bookmark: _GoBack]Movie S01- Real-time MRI movie of a crocodile head using a single-slice coronal 2D TrueFISP sequence with a frame duration of 326ms and total acquisition time of 10min 52s. Observe anatomical changes in the larynx during burst- and deep-breath events while the brain remains free of any motion. The dark bands outside of the brain are typical TrueFISP banding artifacts caused by off-resonant magnetization outside of the shimmed region.
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