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Hippocampal functional connectivity after 
whiplash injury is linked to the development 
of chronic pain

Paulo Branco1,2, Noam Bosak3,4, Andrew D. Vigotsky    2,5,6, Yelena Granovsky3,4, 
David Yarnitsky3,4 & A. Vania Apkarian    1,2,5 

Brain-centric theories propose that chronic pain is driven and maintained 
by maladaptive negative emotional learning, with the hippocampus 
playing a crucial role in the transition from acute to chronic pain. However, 
little is known about what triggers this maladaptive learning in the first 
place, especially in the early acute stages following injury. We imaged 110 
patients within days of whiplash and mild traumatic brain injury and tested 
whether hippocampal adaptations impart risk for chronic pain one year 
later. Patients who went on to develop chronic pain one year later showed 
increased connectivity between the hippocampus and its posterior network, 
as well as increased network connectivity across posterior hippocampal 
network nodes and the amygdala bilaterally. This connectivity was linked 
to anxiety and increased with time lapse from injury to brain scans. 
Our findings link rapid hippocampal network reorganization with the 
development of chronic pain.

Chronic pain remains a major source of disability and suffering world-
wide, carrying large health and societal costs. While the underlying 
mechanisms of chronic pain are not yet fully understood, the brain’s 
emotional-learning circuits have been hypothesized to play an impor-
tant role in the development and persistence of chronic pain1–3, arguably 
by controlling the (motivational, salient) value of incoming nocicep-
tive inputs, driving conscious pain perception and further impacting 
behavior selection through positive and negative reinforcement1. 
Within this circuitry, the hippocampus plays a key role in encoding, 
consolidating, and retrieving emotionally salient experiences4, includ-
ing pain5,6, and its functional and structural properties have been linked 
with pain and pain-related behavior: in the spared-nerve-injury rodent 
model for chronic pain, blocking hippocampal neurogenesis halts or 
delays the development of mechanical allodynia7, and direct activa-
tion of hippocampal neurons can revert mechanical allodynia and 

induce affect-motivated place preference8. Human studies have also 
shown that hippocampal morphology mediates the exaggeration of 
pain intensity recall in chronic pain patients9 and, most important, 
that hippocampus volume and functional connectivity predict which 
patients transition from subacute to chronic back pain10–12. Yet underly-
ing mechanisms remain poorly understood, partly because learning-
induced plastic changes in hippocampal circuitry are known to occur 
within hours to days13, and this critical time window has not yet been 
studied regarding the transition to chronic pain. As a consequence, it 
remains uncertain whether abnormal hippocampal properties repre-
sent pre-existing risk factors or, instead, (mal)adaptive changes that 
develop over time after injury—and in the latter scenario, what underlies 
these processes, and at what timescales do they occur?

Within this context, patients presenting with whiplash and mild 
traumatic brain injury (mTBI) following a motor vehicle crash provide 
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accident to the brain scan (Fig. 2a–c). We also grouped the data on the 
basis of chronological days (1, 2 or 3 days after injury) to account for 
sleep; all three ROIs showed high discriminability between groups at 
later days after the accident, with areas under the receiving operator 
characteristic curve (AUCs) > 0.59, 0.66, and 0.85 when patients were 
scanned 1, 2, and 3 days after injury, respectively (Fig. 2a–c bottom 
panel).

Hippocampal volumes were also examined given previous data 
linking lower hippocampal volumes with increased risk for the transi-
tion from subacute to chronic back pain10. Hippocampal volumes, for 
the whole structure and head, body, and tail ROIs, were quantified using 
FreeSurfer hippocampal segmentation19. No appreciable differences in 
hippocampal volumes were found between groups (whole structure, or 
head, body or tail separately, all Ps > 0.24; Supplementary Fig. 2a and 
Supplementary Table 1), even when including group-by-time interac-
tions (all Ps > 0.74; Supplementary Fig. 2b and Supplementary Table 2).

To relate these findings to psychological features, we examined 
whether anxiety over the past week and perceived stress over the past 
4 weeks can explain hippocampal connectivity differences. These vari-
ables were singled out given their known relationship with hippocam-
pal function17,20 and chronic pain6. We found significant three-way 
interactions between group, time, and anxiety for both the left and right 
hippocampal body ROIs (t = 2.20, P = 0.031; t = 2.35, p = 0.021, respec-
tively), but not for the tail of the right hippocampus (t = 0, P = 0.99). For 
patients who developed chronic pain 1 year later, the higher reported 
anxiety and greater duration since the accident corresponded with 
higher hippocampal functional connectivity (Fig. 2d–f). For pain-free 
patients at 1 year, there were associations with neither elapsed time nor 
anxiety. No significant associations were found for perceived stress 
(Supplementary Table 3). In addition, baseline pain, whiplash severity, 
and depression did show significant main effects, and did not interact 
with group in explaining hippocampal connectivity (Supplementary 
Tables 4–6).

For completeness, we also explored group differences for all 
pairwise connections between hippocampal network ROIs using 
network-based statistics (NBS)21. The posterior hippocampal net-
work showed large-scale upregulated connectivity for patients who 
developed chronic pain compared with those pain-free at 1 year (NBS, 
P = .049; Fig. 3a). Besides recapitulating the main hippocampus results  
(Fig. 3b), differences in connectivity between groups were also 
observed for connectivity from the amygdala to the posterior cingu-
late, the precuneus, the angular gyrus, and the inferior parietal cortex 
(bilaterally; Fig. 3c), as well as connectivity between the left and right 
inferior parietal lobules (Fig. 3d).

Discussion
In this study, we scanned whiplash and mTBI patients within days of 
injury and followed them longitudinally over 1 year to investigate early 
acute changes following injury that may impart risk for chronic pain. 
Our findings can be summarized in three key points. First, we found that 
patients who develop chronic pain 1 year after injury show increased 
connectivity between the hippocampus and its posterior network, as 
well as increased network connectivity across posterior hippocam-
pal network nodes and bilateral amygdala. Second, we show that this 
increased connectivity is time sensitive, highlighting maladaptive 
plastic responses occurring within days of injury. Third, we show that 
these plastic changes are additionally modulated by anxiety, high-
lighting a potential pathological state that may be moderating these 
brain changes.

Previous studies have suggested that chronic pain is in part driven 
and maintained by maladaptive negative emotional-learning mecha-
nisms1,3, resulting in several behavioral consequences, including pain 
overgeneralization and fear avoidance2,22. The hippocampus has been 
suggested to play a key role in these maladaptive processes1,23,24 due to its 
role in emotional learning4,25 and given that its structural and functional 

a unique opportunity to study early and rapid plasticity within emo-
tional-learning circuitry: their pain onset is well defined, patients 
can be scanned within hours of the accident without brain damage 
confounds, and up to 50% continue to experience pain one year after 
injury14. Moreover, such accidents usually result in heightened anxiety 
and stress15, which are risk factors for developing chronic pain6 and are 
known to impact learning, with further consequences for hippocampal 
function and structure16,17. In this study, we set to investigate if rapid 
hippocampal plasticity is associated with the transition from acute to 
chronic pain. To do so, we collected structural and resting-state mag-
netic resonance imaging (MRI) scans in mTBI and whiplash patients 
within five days of a motor vehicle accident. These patients were then 
followed up for up to one year after the injury, to test if structural and 
functional hippocampal properties at the early acute pain stage can 
dissociate between patients who develop chronic pain versus those 
who are pain-free one year later.

Results
We recruited 249 mTBI and whiplash patients, of which 110 patients 
completed structural and resting-state scans, had usable data after 
quality control, met clinical criteria for both whiplash injury and mTBI, 
had no post-traumatic memory loss, and completed the longitudinal 
pain ratings at the one-year endpoint (Methods). Fifty-eight patients 
reported clinically significant persistent pain one year after injury (53%, 
numerical rating scale (NRS) ≥ 30/100; we label these chronic pain), 
and 52 patients were pain-free (47%, NRS = 0; Fig. 1a). After the acci-
dent and at the time of their brain scan, patients whose pain persisted 
one year later reported higher acute pain (t = 2.02, P = 0.046; Fig. 1a) 
and marginally higher depression (t = 1.88, P = 0.064) compared with 
patients who recovered; otherwise, the two groups reported similar 
post-injury psychological characteristics, including anxiety (t = −0.6, 
P = 0.55), perceived stress (t = 0.04, P = 0.96), and pain catastrophizing 
(t = −0.88, P = 0.38).

To study hippocampal functional connectivity and given its known 
functional segregation along its longitudinal axis, we parcellated the 
region into its head, body, and tail4. We performed seed-based cor-
relation analyses between hippocampal regions of interest (ROIs) 
from the left and right hippocampi and voxels within the extended 
hippocampal network (Fig. 1b). In the days following the accident, 
patients whose pain persisted showed higher functional connectivity 
than did patients who fully recovered between the left hippocampus 
body and the posterior cingulate, the left angular gyrus, and the right 
inferior parietal lobule (Fig. 1c). These results were mirrored for the 
right hippocampus body—higher connectivity to the posterior cin-
gulate and right inferior parietal lobule (Fig. 1d). Similar findings were 
observed for the left tail of the hippocampus, with differences in con-
nectivity to the right inferior parietal lobule and right angular gyrus 
(Fig. 1e). A multivariate non-parametric combination analysis was also 
performed including all six ROIs, and while the results recapitulated the 
main findings, only the right inferior parietal lobule cluster survived 
multiple comparisons correction (Supplementary Fig. 1). Hippocampal 
connectivity in chronic pain patients was also substantially higher than 
meta-analytic connectivity estimates from 273 healthy participants, 
for both the left and right hippocampal bodies (but not as evident for 
the hippocampal tail; Fig. 1c–e).

Considering the fast timescales for plasticity within hippocam-
pal networks13,18, we studied the time dependence of hippocampal 
functional connectivity. We modeled hippocampal connectivity as 
a function of the group (chronic versus recovered) and hours since 
the accident. For each of the three aforementioned ROIs, there was a 
significant group-by-time interaction (left body: β = 0.004, t = 2.83, 
P = 0.006; right body: β = 0.003, t = 2.48, P = 0.015; left tail: β = 0.003, 
t = 2.56, P = 0.012). Patients who developed chronic pain showed higher 
hippocampal functional connectivity to the posterior hippocam-
pal network. This connectivity increased with the time lag from the 
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properties are associated with the transition to chronic pain1,12. Our 
findings lend support to this thesis by showing that connectivity within 
the posterior hippocampal network, acutely after injury, is associated 
with the development of chronic pain. The posterior hippocampal 
network is crucial for memory processes25,26, and increases in con-
nectivity within this network have been observed during successful 
learning and memory consolidation27. There is also evidence that this 
network plastically changes within hours as new engrams are formed13,18, 
and noninvasive stimulation of the angular gyrus and inferior parietal 
lobule, indirectly targeting the body of the hippocampus, has been 

shown to causally enhance learning and recall25. Indeed, this increased 
hippocampal connectivity—in fact also considerably higher than meta-
analytical connectivity estimates from healthy individuals—together 
with the time-dependent increase in hippocampal connectivity hours 
after injury in patients who go on to develop chronic pain seems to sug-
gest that this circuit is becoming abnormally upregulated after injury, 
possibly reflecting a maladaptive learning process that is imparting risk 
for chronic pain. This interpretation, while speculative, also aligns with 
preclinical findings showing that blocking neurogenesis in rodents, and 
hence interfering with learning after a peripheral injury, can perturb 
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Fig. 1 | Hippocampal functional connectivity within days after injury was 
associated with pain chronicity 1 year later. a, One-hundred ten patients 
were scanned after a motor vehicle accident and their pain followed over 
1 year: 58 patients reported high pain after a year (NRS ≥ 30 on a 0–100 scale; 
purple) and 52 were pain-free (NRS = 0, green). Error bars denote the standard 
error of the mean. b, Hippocampal head, body, and tail seeds were defined 
from the hippocampal parcellation of ref. 4, and target hippocampal network 
ROIs were defined using the Harvard–Oxford Cortical Atlas. c–e, Seed-based 
correlations (univariate linear regressions) were calculated between the 
hippocampus’s head, body, and tail (seeds) to voxels within hippocampal 
networks, contrasting chronic and recovery groups while controlling for age, 
sex, and average framewise displacement. The middle (left and right) and 

posterior hippocampus exhibited upregulated connectivity to the posterior 
hippocampal network in the chronic pain group (purple) compared with the 
patients who recovered (green). Connectivity estimates (Fisher’s r-to-z values) 
are reported for each data point adjusted for sex, age, and average head motion. 
Effect sizes (Cohen’s d) and P values for the group effects are reported. Box plots 
denote the interquartile range (IQR) and the median, and whiskers are 1.5× IQR. 
Diamonds show meta-analytic estimates and prediction intervals (95% prediction 
interval) derived from 10 datasets with 273 healthy participants, taken to reflect 
normative connectivity values. Maps were thresholded at threshold-free cluster 
enhancement (TFCE) P < 0.001 uncorrected for illustration; blue outlines denote 
TFCE clusters with family-wise error correction for multiple comparisons at 
P < 0.05. L, left; R, right.
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the development of chronic pain7. Our post hoc network analyses also 
revealed a substantial participation of the amygdala in this maladaptive 
response. The amygdala has been linked to both emotional learning 
and the transition to chronic pain1,10 and is well known to participate 
in emotional and aversive processing, as well as fear conditioning28. 
Reciprocal connections between hippocampus and amygdala have 
also been shown to play a key role in the formation of emotional and 
aversive memories29,30. In our network analyses, we did not find an 
association between hippocampus and amygdala connectivity and 
long-term pain outcomes, yet the amygdala’s participation suggests 
an engagement of emotional-learning circuitry. The specific role of 
the amygdala in the transition to chronic pain in this context remains 
to be studied in the future.

The hippocampus is also remarkably sensitive to stress and anxiety 
given its link with the hypothalamic–pituitary–adrenal axis20. Rodent 
studies show that hippocampal neurogenesis and other physiological 
properties are altered after stress-inducing events31, including trau-
matic brain injury32, and hippocampal volume and evoked responses to 

experimental pain stimuli have been shown to be associated with basal 
cortisol levels in chronic pain patients6. Further, stress and anxiety are 
also well known to impact learning and hippocampal functioning in 
humans16,17,33, and in fact, connectivity increases between hippocampus 
and the posterior hippocampal network after a traumatic event pre-
dicts future post-traumatic stress disorder34,35, a condition also tightly 
linked with emotional learning. It is also known that anxiety and other 
related cognitive processes, including fear avoidance, kinesiopho-
bia, and pain catastrophizing, are risk factors for the development of 
chronic pain in several pain conditions36, and their resolution through, 
for example, pain reprocessing therapy, shows promise for the treat-
ment of chronic pain37. In our study, we found no significant associa-
tions between hippocampal functional connectivity and the perceived 
stress scale that measures stress symptoms over 4 weeks—likely too 
large of a timescale to capture the acute stress response caused by 
the accident; however, we found that hippocampal connectivity in 
chronic pain patients is influenced by both the time elapsed since 
injury and anxiety, which instead measures a shorter 1 week period. 
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Fig. 2 | Hippocampal functional connectivity increased with the time lag from 
the accident to the brain scan and with anxiety for participants who develop 
chronic pain. a–c, Hippocampal connectivity was positively associated with time 
elapsed since injury for patients who developed chronic pain (purple), but not for 
patients who recovered (green), as indicated by a linear regression with a group-
by-time interaction (adjusted for age, sex, and average framewise displacement); 
this was observed for the left (a) and right (b) hippocampus body and left 
hippocampus tail (c), with grey areas denoting the 95% confidence intervals. 
AUCs discriminating patients with chronic pain from patients who were pain-free 
at 1 year are reported below each ROI, grouping patients by chronologic days 

instead of elapsed hours (days zero and one, day two, and day three). For all ROIs, 
hippocampal connectivity successfully discriminated patients who recovered 
from those who developed chronic pain at day two and, better, at day three. FPR, 
false positive rate; TPR, true positive rate. d–f, Adding anxiety (Hospital Anxiety 
and Depression Scale) to the linear regression model additionally revealed the role 
of anxiety in hippocampal functional connectivity, with three-way interactions 
(group by time by anxiety) found for the left (d) and right (e) hippocampus body; 
the higher anxiety and more time elapsed since injury, the higher the hippocampal 
functional connectivity, but only for patients who developed chronic pain. This 
result was not observed for the left hippocampus tail (f).
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Thus, anxiety may be moderating this maladaptive process at this early 
post-accident stage, and it seems that this response is likely more tied 
to the immediate, transient, and post-injury state-anxiety rather than 
to more persistent predisposing traits. Importantly, anxiety alone did 
not differentiate the two groups, perhaps suggesting an indirect effect, 
at least at this early acute stage. In the future, it will be important to 
associate plastic events with more direct and time-locked physiological 
measures of stress to further shed light on this association.

Our results also show a dissociation between the anterior and pos-
terior hippocampal networks: while the latter is associated with pain 
outcomes, the former is not. Canonically, the anterior hippocampal 
is more frequently associated with emotional processing while the 
posterior network is associated with declarative and autobiographi-
cal memory4,38–42. In the context of pain, however, there is evidence 
supporting the involvement of both systems. Connectivity from the 
hippocampus to both anterior and posterior hippocampal networks 
has been shown to predict the transition from subacute to chronic back 
pain, as well as show plastic changes over the course of this transition12. 
A previous study also showed that exaggerated memories of pain 
in chronic pain patients relate to structural properties of the poste-
rior hippocampus9, and indeed, in the spared-nerve-injury rat model, 
stimulation of the dorsal (posterior in humans) hippocampus leads to 
pain analgesia, while stimulation of the anterior hippocampus yields 
no effects8. It is also worth noting that the angular gyrus, the inferior 
parietal lobule, and the precuneus have also been linked previously 
with the persistence of pain 3 months after mild traumatic brain injury 
through decreased functional connectivity to the periaqueductal grey 
area (PAG), which was interpreted as reflecting diminished top-down 
regulation of pain perception through descending modulation43. If our 
results are indeed taken as reflecting maladaptive learning, it makes 
intuitive sense that changes in this system may indeed further impact 
descending modulation systems as a way to guide adaptive behavior1,44. 
In our previous work in this same dataset, we performed a comparable 
PAG analysis and could not find similar results, yet PAG was indeed also 
predictive of pain outcomes 1 year later through increased connectivity 
to the head/neck region within the postcentral gyrus45. The intricate 
interplay between emotional processing, learning, and memory and 
descending modulation circuitry remains unclear at present and should 
be the object of future study.

Finally, the temporal specificity for hippocampal responses evi-
denced here, together with the lack of any volumetric differences at 
this early acute stage, also supports the view that hippocampal plastic 

changes develop over time following injury and are not predisposing 
factors as previously speculated10. These findings further highlight a 
potential critical time window for the transition to chronic pain, pro-
viding a window of opportunity for its treatment, management, and 
prevention46. Alternatively, the lack of volumetric differences found 
in this study, in contrast to previous findings in subacute back pain10, 
could point out that different pain conditions may have different time-
scales for plasticity, or differing neural mechanisms.

Our study comes with limitations. The whiplash and mTBI clinical 
model used here might introduce biases such as undetectable brain 
lesions, concussion effects, variations in treatment access, post-injury 
treatments, and other factors that could affect outcomes. We also did 
not systematically collect medication status throughout the study, 
which could have impacted pain ratings at follow-up. Our analysis 
covered six ROIs, and when performing a multivariate analysis with all 
ROIs and adjusting for multiple comparisons across both voxels and 
ROIs, only the right inferior parietal lobule cluster survived adjustment 
for multiple comparisons, with the two other clusters not surpass-
ing the adjusted significance threshold. The voxel size used in this 
study might have influenced functional connectivity estimates and 
consequently the sensitivity of the analysis, particularly for the tail of 
the hippocampus (the smallest of the three ROIs). Further, even if the 
time from injury to data collection was determined mostly by scanner 
availability, we cannot rule out that additional unknown factors (for 
example, access to health care and socioeconomical status) could 
have also played a role in our findings. Further studies employing a 
within-subject design are needed to control for possible inter-indi-
vidual differences. A considerable number of participants opted out 
of scanning (29%), and some were lost to follow-up (11%). While pain 
outcomes were similar for patients who underwent scanning versus 
those who did not (P = 0.30), this could potentially introduce some 
bias in our studied sample. Finally, in our sample, we analyzed only a 
homogeneous group of patients, given inclusion and exclusion criteria. 
Our findings replicate in 23 individuals who were left out of the main 
analyses (Supplementary Fig. 3), but stronger validation approaches 
are needed to assess the generalizability of these findings.

In summary, our study identified a time-dependent maladaptive 
hippocampal response that places patients at risk for chronic pain 
after acute injury. Our findings provide a plausible mechanism for 
theories claiming that maladaptive emotional learning is central to 
the pathophysiology of chronic pain. Future studies are required to 
test this hypothesis conclusively by studying other brain properties, 
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assessing longitudinal changes in this system, and explicitly studying 
memory consolidation and behavior consequences in these patients.

Methods
Participants
Participants included in this study were recruited at the Rambam Health 
Care Campus emergency department presenting with whiplash and 
mild traumatic brain injury at a maximum of 24 hours after a motor 
vehicle collision. Participants signed an informed consent in agree-
ment with the Declaration of Helsinki. The study was approved by 
the institutional review board of Rambam Health Care Campus (ref. 
0601-14). Participants received compensation for their time. Inclusion 
criteria were direct or indirect head and neck injury, a Glasgow Coma 
Scale score of 13–15, and no subsequent decline. Exclusion criteria were 
any imaging-based traumatic brain findings when available, more than 
30 minutes of unconsciousness, other major bodily injuries, chronic 
head/neck pain before the injury, injuries in the head/neck area within 
1 year before the current injury, and neurological diseases compromis-
ing the interpretation of brain function (for example, neurodegenera-
tive diseases). The full inclusion and exclusion pipeline can be found in 
Supplementary Fig. 4. Two hundred forty-nine patients were initially 
recruited, of which 74 were excluded from the study: 64 did not per-
form an MRI (claustrophobia or not willing to participate), 8 did not 
perform a resting-state functional MRI (fMRI) scan (patients unwilling 
to continue with the scan after structural imaging), 1 patient had an 
incidental brain finding, and 1 was diagnosed with a major psychiatric 
condition. Of the remaining 175 participants, 23 patients did not reach 
the end of the study: 19 participants were lost to follow-up at the 1 year 
period, and 4 patients were involved in another motor vehicle collision.

Of the participants who completed the study, we removed an 
additional 3 patients who presented with post-traumatic amnesia, 
11 patients who did not meet clinical criteria for whiplash associated 
disorder, 7 patients who did not meet criteria for mild traumatic brain 
injury, and 3 patients whose baseline clinical data, including pain rat-
ings, could not be collected. Three additional patients had less than 
5 minutes of usable data (see the following). For transparency, and 
since these patients were still scanned at baseline and completed the 
study, we instead examined their data post hoc: we fitted a logistic 
regression model with hippocampal features in the main sample and 
used this model to predict which patients develop chronic pain in this 
extra unseen sample. This model achieved good classification accu-
racy even in this heterogeneous sample (AUC = 0.77, 95% confidence 
interval: 0.55–1.00); however, given the exploratory nature of these 
results, they are not reported in the main manuscript and can be seen 
in Supplementary Fig. 3.

The sample reaching the end of the study consisted of 125 patients 
(mean age 36.7 years ± 11.5 (s.d.), range 18–67 years, 53% male). At the 
1 year endpoint, 58 participants reported clinically significant pain 
(NRS ≥ 30/100), 52 reported no pain (NRS = 0), and 15 reported minimal 
pain (0 < NRS < 30; Supplementary Fig. 4). To heighten the contrast 
between samples and for interpretability, we analyzed only patients 
who fully recovered versus those with clinically significant pain (we 
excluded patients with pain outcomes between 1 and 29), leaving our 
final sample with 110 patients. This was decided a priori. Since patients 
with chronic low-intensity pain were excluded from the main analyses, 
for transparency, we reran the analyses by including all participants and 
modeling pain continuously to avoid arbitrary thresholding and found 
similar results for all analyses (Supplementary Fig. 5).

Study design and procedures
After the emergency room visit, patients were informed about the 
study and signed informed consent. Patients were then scheduled for 
a baseline visit within 5 days of the injury (mean 1.7 days, range = 0–5), 
where they performed an MRI scan (structural and resting-state pro-
tocols). The time between the injury and scanning was determined by 

scanner and subject availability and was not confounded by clinical 
status or injury severity. Participants were asked to refrain from taking 
analgesic medication for 24 hours before the data collection. Patients 
also performed a series of clinical, psychological, and psychophysical 
tests, which are explained in detail in a previous publication47. Briefly, 
they completed a battery of psychological questionnaires measuring 
anxiety and depression (Hospital Anxiety and Depression Scale), pain 
catastrophizing (Pain Catastrophizing Scale), pain sensitivity (Pain 
Sensitivity Questionnaire), and perceived stress (Perceived Stress 
Scale), performed electroencephalography and quantitative sensory 
testing, and provided blood samples for genetic analyses (a detailed 
list of collected measures is provided in the Supplementary Informa-
tion). Some of these data are featured in other publications examining 
psychophysical and psychological predictors of early acute pain48 and 
examining the predictive ability of the ventral striatum and descending 
modulatory circuitry for chronic pain45. Patients were then followed 
for 1 year, when they were either contacted by phone or asked to return 
to the lab for a follow-up visit. They reported their pain at 72 hours 
after their baseline visit and every month thereafter for up to a year. 
Most pain ratings were obtained at 12 months, which was the primary 
outcome of the study. They were asked to rate their average pain over 
the previous 24 hours, separately for their neck and head, using an 
numeric rating scale (0–100; 0: no pain, 100: worst imaginable pain); 
their actual pain was determined to be the highest of the two.

Scanner parameters
All images were collected on a 3T (MR 750, SIGNA 20, GE Medical Sys-
tems) scanner with a 16-channel head coil. High-resolution T1-weighted 
images were collected with an IR-FSPGR-BRAVO sequence with the fol-
lowing parameters: field of view (FOV) = 256 × 256 mm², flip angle = 12°, 
slice thickness = 1 mm, in-plane pixel size 1 × 1 mm², axial slices = 172. 
Resting-state fMRI images were collected with an echoplanar imaging 
sequence with the following parameters: repetition time = 2,000 ms; 
echo time = 30 s; FOV = 220 × 220 mm²; flip angle = 75°; slice thick-
ness = 3.4 mm; in‐plane pixel size 3.44 × 3.44 mm²; and axial slices = 43, 
for a total duration of 10 minutes. The first 8 seconds of acquisition in 
each run were excluded due to T1 equilibration effects. Participants 
were instructed to stay as still as possible, close their eyes, not fall 
asleep, and think of nothing in particular.

Data preprocessing
Data were preprocessed with standard methods, using fMRIPrep 
20.2.449, and step-by-step detailed methods can be consulted in the 
Supplementary Information. Briefly, T1 data were skull-stripped and 
segmented using FAST50 and registered to MNI (Montreal Neurological 
Institute) space using nonlinear transformation with ANTs51. Func-
tional imaging was motion-corrected and slice-time corrected. Several 
confounding time series were extracted from functional data: frame-
wise displacement, a derivative of the root mean squared over voxels 
(DVARS), head-motion parameters, including their temporal deriva-
tives and quadratic terms for each, and signals within the cerebral 
spinal fluid (CSF) and white matter (WM). To better estimate noise 
components from CSF and WM, component-based noise correction 
(CompCor) was also performed52; here we used the anatomical vari-
ant, aCompCor, which runs voxelwise principal component analyses 
to extract orthogonal components related to signal within CSF and 
WM ROIs. Functional data were normalized to MNI space before any 
additional preprocessing steps. Freesurfer hippocampal segmenta-
tions were extracted using Freesurfer 7.1.1 hippocampal and amygdala 
segmentations19 from the Freesurfer data generated as part of default 
fMRIPrep pipeline. The ENIGMA hippocampal segmentation quality 
control pipeline53 was implemented to verify the successful execution 
of all segmentations (Supplementary Information).

To de-noise the data, first, we regressed out motion and noise 
parameters from the data, namely, the six head-motion parameters, 
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their squared parameters, and the temporal derivatives of both (also 
known as the Friston 24 expansion), to which we added the framewise 
displacement, the average signal from the WM and CSF, as well as the 
first ten principal components aCompCorr generated by fMRIPrep. 
These parameters were regressed out of the data in a single step 
through multivariable regression, using the python tool Denoiser 1.0.1 
(https://github.com/arielletambini/denoiser). Data were filtered using 
a band-pass filter from 0.01 to 0.1 Hz. Then high-motion timepoints 
and their adjacent volumes (the timepoint before and the four points 
after the identified motion outliers, as recommended by ref. 54 were 
also removed if they exceeded one of two criteria: timepoints with a 
framewise displacement larger than 0.5 or DVARS larger than 2.3. Par-
ticipants with less than 5 minutes of remaining data were excluded from 
further analyses (n = 3). Average framewise displacement was used as a 
covariate of no interest for all analyses. Finally, the data were spatially 
smoothed using a 5 mm full-width-at-half-maximum Gaussian kernel.

Seed-based correlation analyses
Seed-based correlation analyses were performed between each hip-
pocampal ROI (head, body, and tail of the hippocampus) and voxels 
within the hippocampal network. Hippocampal ROIs were defined 
using a published multimodal parcellation of the hippocampus4. We 
used the parcellation with the lowest granularity (three clusters; com-
pare five- and seven-cluster solutions) to minimize the number of 
comparisons. Given our focus on the hippocampal circuitry, we opted 
for a conservative approach and tested only voxels that are part of the 
hippocampal network. To define a hippocampal network mask, we 
included only ROIs from the Harvard–Oxford Cortical Atlas that have 
been shown to be robustly connected to the hippocampus, correspond-
ing to the posterior hippocampal network (angular gyrus, inferior 
parietal lobule, posterior cingulate cortex, and precuneus) and anterior 
hippocampal network (amygdala, frontal orbital cortex, temporal 
poles, and ventromedial prefrontal cortex). As an additional valida-
tion step, we also identified voxels across the whole brain that show 
evidence for functional connectivity to any of the aforementioned ROIs 
in a data-driven way. This was achieved by identifying voxels that are 
associated (r > 0.20) with the center of gravity of either of the six hip-
pocampal ROIs using the Neurosynth normative resting-state dataset 
(1,000 healthy participants; neurosynth.org ref. 55) The findings from 
Neurosynth functional connectivity overlapped considerably with the 
selected anatomical ROIs (Supplementary Fig. 6). For transparency, 
whole-brain exploratory analyses are provided in Supplementary  
Figs. 7–9 but are not reported in the main text.

Statistical comparisons were performed using PALM56, running 
non-parametric statistics, using TFCE and correction for multiple 
comparisons using family-wise error. All connectivity values were 
transformed with Fisher’s r-to-z before any statistical analyses to best 
approximate normal sampling distributions and stabilize the variance 
across participants. The two groups were compared, while controlling 
for age, sex, and motion (framewise displacement). We intention-
ally did not control for any psychological or clinical variables in our 
analyses as these could reasonably be expected to relate to functional 
connectivity. Instead, relevant measures (anxiety, stress, baseline 
pain, depression, injury severity) were regressed on hippocampal con-
nectivity post hoc to explore the data. For post hoc analyses, summary 
connectivity measures for each ROI were obtained by averaging the 
connectivity of each ROI to the corresponding significant clusters to 
obtain one connectivity value per hippocampal ROI for each partici-
pant. To further model all ROIs in a multivariate way, we performed a 
non-parametric combination analysis using PALM’s joint inference 
approach56. We used Tippett’s method (option -npcmod Tippett) to 
correct for multiple comparisons across voxels and modalities (here, 
each hippocampal ROI).

To facilitate the comparison of our data with normative connec-
tivity values, we extracted hippocampal connectivity measures for 

healthy controls from ten different studies from the 1000 Functional 
Connectomes Project57. Studies were selected to encompass similar 
scanning parameters and age ranges to those in our study. Using the 
preceding pipeline, 273 participants were preprocessed, the connectiv-
ity from each summary measure was obtained, the contributing effects 
of age, sex, and average framewise displacement were adjusted to the 
main sample’s mean through linear regression, and the resulting con-
nectivity estimates were pooled using random-effects meta-analysis, 
which explicitly takes into account and quantifies the variability across 
studies/sites (heterogeneity). Prediction intervals for connectivity, 
which incorporate the heterogeneity variance term, were obtained 
to define conservative normative hippocampal connectivity across 
studies. Details about the studies used in this step can be found in the 
Supplementary Information.

Assessing time dependency and relationships with stress and 
anxiety
To assess the time dependency of hippocampal functional connec-
tivity and its relationship with the outcome measures, we modeled 
hippocampal connectivity by the time lapse between the accident 
and the scanning session in hours, while also controlling for average 
framewise displacement, age, and sex. For brevity, only the highest-
order interaction is reported in the main text, and the full set of model 
parameters, including main effects and lower-order interactions, are 
presented in Supplementary Table 7. We also examined how discrimi-
native hippocampal connectivity is when patients are grouped by 
chronological day—that is, if they were scanned one, two, or three 
days after the injury, considering the night of sleep, which is known 
to impact learning and hippocampal plasticity18,58. To do so, we calcu-
lated the AUC for hippocampal connectivity, discriminating between 
patients who developed chronic pain from those who recovered. No 
additional model was fit to the data to prevent overfitting; the AUCs 
were computed using the raw connectivity values, akin to an effect  
size estimation.

We further examined whether stress and anxiety are associated 
with hippocampal connectivity. To do so, each parameter was further 
added to the preceding time-by-group interaction. Again, only the 
highest-order interaction is reported in the main text, and remaining 
details are in Supplementary Table 8. One participant was excluded 
from these analyses as he was scanned much later than other par-
ticipants in the group (118 hours after injury, >3 s.d. above the group 
mean, 43 ± 18 hours).

Network analyses
To perform network analyses, for each participant, we computed the 
correlation matrices between BOLD time courses of regions within 
the anterior and posterior hippocampal network ROIs, to which we 
also added the hippocampus proper (head, body, and tail ROIs). The 
network topography was compared with 5,000 random permutations 
to establish statistical significance using network-based statistics21. 
Network topography requires the selection of a threshold that identi-
fies the number of effective suprathreshold links and compares them 
with the permuted random networks. We used an effect size threshold 
of Cohen’s d > 0.2 as common in the literature, effectively examining 
only links where differences between groups are at least of a ‘small’ 
effect size (as per Cohen’s classic examples).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
After finishing our planned data analyses, the full imaging data will be 
provided at our data repository, http://www.openpain.org. Until then, 
data will be shared on reasonable request.
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