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Deep brain stimulation (DBS) is an efficient treatment for movement disorders, most commonly 
Parkinson’s Disease (PD), dystonia and essential tremor. DBS surgery carries risks, e.g. the risk of 
delayed peri-lead edema (PLE) and the risk of postoperative cognitive decline. The mechanisms of 
these complications are not fully understood and there is no established biomarker to screen for 
these complications after DBS surgery. To explore the diagnostic value of two blood-based markers 
representative for distinct types of brain injury, we characterized the dynamics of serum glial fibrillary 
acidic protein (sGFAP, for glial injury) and serum neurofilament light chain (sNfL, for neuronal-axonal 
injury) following DBS surgery. We analyzed longitudinal dynamics of serum protein levels in 58 patients 
undergoing deep brain stimulation (DBS) at our center for half a year post-surgery. Serum GFAP 
responded much more rapidly after brain surgery, returning to baseline after weeks, whereas sNfL only 
returned to baseline after months. Patients with lower preoperative cognitive performance exhibited 
higher postoperative sGFAP levels, with sGFAP showing a stronger association with preoperative 
patient characteristics compared to sNfL. Further studies with long-term clinical follow-up are needed 
to fully evaluate the utility of sGFAP as a biomarker for both early and delayed complications after DBS 
surgery, including cognitive decline and potential foreign body reactions to the implanted lead.
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Deep brain stimulation (DBS) of target nuclei such as Globus pallidus pars interna (GPi), Nucleus subthalamicus, 
(STN) and thalamus (ventral intermediate, VIM) is an established and efficient treatment for movement 
disorders. Most commonly, DBS is considered in essential tremor (ET), dystonia and Parkinson’s disease (PD)1–4. 
In general, DBS is safe and effective also in older patients and is still considered in patients with cognitive 
impairment5,6.

DBS surgery carries risks, and some of them are known to be influenced by preoperative patient characteristics. 
While DBS for People with Parkinson’ disease (PwPD) is generally considered safe in regards of cognitive side 
effects, there are some studies raising concern about postoperative cognitive decline, especially when targeting 
the STN7,8. This risk increases with age9, preoperative cognitive impairment10–12 or genetic risk factors13. The 
mechanism for this is still unknown and thus, it is currently not possible to accurately predict postoperative 
cognitive decline, and further research is needed to clarify the long-term cognitive outcomes following DBS.

Another risk associated with DBS surgery is brain hemorrhage, which has been significantly reduced 
through advancements in imaging and surgical techniques as trajectories can avoid blood vessels and fewer 
microelectrode tracks are necessary for accurate lead placement14. However, delayed-onset peri-lead edema 
(PLE) is still observed after DBS surgery with one study reporting symptomatic PLE in 7% (out of 14.7% total 
prevalence in postoperative MRI) of patients 6 weeks after DBS surgery. Symptoms included confusion, seizures 
and transient focal neurological deficits like aphasia and hemiparesis15. Additionally, postoperative brain edema 
has been linked with cognitive decline and might therefore be and additional risk factor for short and long-term 
cognitive deterioration after lead implantation16. The pathophysiology of PLE is not fully understood, and it is 
commonly attributed to a foreign body reaction17. Still, other mechanisms are conceivable, e.g. the implantation 
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of DBS electrodes could be akin to processes described in traumatic brain injury (TBI), in which a role of the 
response of glial cells to the injury in addition to neuronal damage is assumed18.

In a previous study, we showed that neuronal injury as reported by serum neurofilament (sNfL) is caused by 
DBS surgery itself and not by chronic neurostimulation19. Unfortunately, the half-life of sNfL is long, so sNfL 
increases slowly and only returns to baseline values months after surgery. Serum NfL is therefore not an ideal 
marker to assess acute perioperative damage in DBS surgery.

As serum glial fibrillary acidic protein (sGFAP) is a commonly used and reliable biomarker for glial injury, 
which has been approved for clinical use in traumatic brain injury (TBI) by the FDA due to its favorable relation 
to clinical outcomes and its kinetics after injury20, it might offer a useful alternative. Studies in Multiple Sclerosis 
(MS) suggest a better correlation of sGFAP values with factors of disease progression than for sNfL21,22. In PD, 
sGFAP elevations are potentially linked to disease progression23, cognitive decline24, and specific motor subtypes 
(e.g., postural instability and gait difficulty (PIGD)25,26. Moreover, sGFAP could potentially be useful to unravel 
the role of glial injury in the pathogenesis of PLE or help to identify patients at risk for postoperative cognitive 
decline.

To examine whether sGFAP might constitute a suitable marker of peri- and postoperative damage of 
DBS surgery, we measured sGFAP along with sNfL pre- and postoperatively in DBS patients receiving either 
GPi, VIM or STN-DBS. In addition, we assessed whether preoperative patient characteristics (related to the 
neurodegenerative nature of the disease as well as metabolic risk profiles), surgery modalities (asleep/awake and 
insertion of microelectrodes) or biomarker profiles are associated with an increased the risk of neuronal or glial 
injury as reported by sNfL and sGFAP.

Results
Serum neurofilament after DBS surgery
A total of 58 patients undergoing DBS surgery in our center were prospectively enrolled in this study, comprising 
47 patients with PD and 11 patients with “non-degenerative” diseases, i.e., dystonia or ET. Their demographic 
characteristics are displayed in Table 1.

To report neuronal injury during and after DBS surgery, sNfL was used as previously described19. In patients 
with PD, sNfL increased significantly (Friedman’s test and Nemenyi-Friedman post-hoc test, p < 0.001) between 
preoperative baseline and one day after surgery (Fig. 1). The mean preoperative baseline sNfL was 18.8 pg/ml 
(95% CI 16.24–21.36), sNfL increased to 40.92 pg/ml (33.071–48.78) at the first postoperative time point. At the 
second postoperative time point, mean sNfL was 79.88 pg/ml (68.72–91.043) and significantly higher (p < 0.001) 
than preoperative baseline or the first and fourth postoperative time points. There was a tendency of sNfL to 
decline at the third postoperative time point (mean sNfL 75.64 pg/ml (62.67–88.61), p = 0.755 for comparison 
with time point 2). The fourth postoperative measurement was obtained 3–6 months after surgery, mean sNfL 
was 23.34 pg/ml (19.21–27.46), which was not significantly different from preoperative baseline (p = 0.619), thus 
indicating a return to baseline values. In patients with non-degenerative diseases, the results were equivalent. 
Due to the small sample size, the preoperative baseline vs. the first postoperative time point was not significantly 
different, the other results described above also apply to this part of our cohort.

A two-way ANOVA between the PD and the non-degenerative group was significant for the interaction 
between the time points after surgery and log(sNfL) measurements in both groups (p < 0.001), i.e. it showed an 
effect of surgery on log(sNfL) values. There was no significant effect of either the group itself or the interaction 
between the group and the time point on log(sNfL) measurements.

PwPD (n = 47) Non-degenerative (n = 11)

Age at DBS implantation, years 63.3 (8.8) 59.3 (15.9)

Sex, n male/female (% female) 31/16 (34%) 8/3 (27%)

Disease duration, years 9.5 (3.9) 27.9 (23.1)

Hoehn and Yahr stage, median (range) 2 (1–4) n/a

UPDRS III OFF total score 39.6 (16.3) n/a

Motor phenotype

n/a
Tremor-dominant, n (%) 13 (27.7%)

Akinetic-rigid, n (%) 15 (31.9%)

Mixed, n (%) 19 (40.4%)

MoCA total score 26.8 (2.5) n/a

preoperative sNfL, pg/ml 18.8 (7.4) 17.9 (7.4)

preoperative sGFAP, pg/ml 139.8 (71.7) 153.5 (97.1)

Postoperative complications

delirium, n (%) 4 (8.5%) 0 (0%)

hemorrhage of any kind, n (%) 2 (4.3%) 0 (0%)

Table 1.  Demographic and clinical characteristics. Data are “mean (SD)” unless otherwise indicated. UPDRS 
Unified Parkinson’s Disease Rating Scale; MoCA Montreal Cognitive Assessment, sNfL serum neurofilament 
light, sGFAP serum glial fibrillary acidic protein.
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Taken together, the time course of sNfL after DBS surgery in patients with PD was similar as described 
previously19, findings in patients with essential tremor or dystonia were similar to those observed in PwPD.

Serum GFAP after DBS surgery
The slow time course of sNfL after surgery results mainly from its long half-life and not from continual neuronal 
damage – as discussed previously19. To obtain more direct information about damage resulting from DBS 
surgery, we measured sGFAP. Since GFAP is expressed in astrocytes, it reports glial damage, which is another 
difference to sNfL. The time course of sGFAP was markedly different from sNfL in PD patients (Fig. 1).

In PwPD, only the first postoperative time point differed significantly from preoperative baseline (p = 0.001) 
and subsequent time points (p for all pairwise comparisons ≤ 0.005). Mean sGFAP was 136.65 pg/ml (113.51–
159.78) at preoperative baseline, 540.06 pg/ml (361.5–718.62) at the first postoperative time point, 166.56 pg/ml 
(134.27–198.85) at the second postoperative time point, 150.35 pg/ml (115.26–185.44) at the third postoperative 
time point and 145.43 pg/ml (111.37–179.49) at the fourth postoperative time point. Postoperative time points 
2–4 were not significantly different from preoperative baseline. The time course for the non-degenerative cohort 
was similar in that the first postoperative measurement was the only one that differed significantly from baseline.

Again, a two-way ANOVA revealed no significant interaction between the group (i.e. PD and non-
degenerative) and postoperative log(sGFAP) measurements and a significant effect of the time point after 
surgery and log(sGFAP) measurements (p < 0.001).

Note that log(sNfL) and log(sGFAP) values for PwPD are displayed in Fig. 1 in relation to baseline values to 
enable comparability between serum marker kinetics. The results of post-hoc tests comparing measurements 
between time points were identical when using log(sNfL) and log(sGFAP) instead of raw sNfL or raw sGFAP.

Baseline values of sNfL and sGFAP are affected by age and BMI, but not disease specific 
factors in PwPD
The correlation between log(sNfL) and log(sGFAP) of the same patient at preoperative baseline was moderate in 
PwPD (Spearman’s rho, r = 0.55, p = 0.002 in PwPD; r = 0.45, ns in non-degenerative patients). This could result 
from a floor effect or from the fact that sNfL reports neuronal damage and sGFAP reports glial damage. It is 
consistent with the observation that the time course of the two parameters and the factors that influence them 
are different27–29.

Baseline values of sNfL and sGFAP are influenced by factors that may increase their release into the blood, 
including age and the presence of neurodegenerative diseases, and by factors that may affect their distribution 
or elimination, like body mass index (BMI) or renal function22,30,31. Indeed, baseline log(sNfL) correlated 
moderately negatively with BMI (Fig. 2a; PwPD: r = − 0.36, p = 0.012; non-degenerative patients: ns). Baseline 
log(sGFAP) did not correlate significantly with BMI in PwPD (r = − 0.34, p = 0.061), but in non-degenerative 
patients (r = −  0.7, p = 0.016). In PwPD, baseline log(sNfL) and log(sGFAP) values also correlated with age 
(Fig.  2b, log(sNfL) in PwPD: r = 0.46, p = 0.001, log(sNfL) in non-degenerative patients r = 0.69, p = 0.018; 
log(sGFAP) in PwPD r = 0.4, p = 0.022, log(sGFAP) in non-degenerative patients: ns).

There was a significant correlation between MoCA scores and baseline log(sNfL) values (r = −  0.32, 
p = 0.043), as has been described previously32,33. There was no significant correlation between MoCA scores 
and baseline log(sGFAP). Baseline log(sGFAP) and log(sNfL) did not correlate significantly with further PD-
specific assessments (UPDRS III total score, Hoehn and Yahr-stage, presence of dyskinesias or other disease 

Fig. 1.  Log fold-change of log(sNFL) and log(sGFAP) measurements after STN-DBS in PwPD. Values are set 
in relation to baseline log values. Asterisks indicate values significantly different from baseline with p ≤ 0.001, 
all other comparisons to baseline values: ns. Mean log(sGFAP) values: blue, mean log(sNfL) values: red.
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related complications, not shown). Also, baseline log(sGFAP) and log(sNfL) did not correlate significantly with 
comorbidities, such as diabetes, arterial hypertension, uremia and nicotine abuse (Spearman’s rho), independent 
of group (PwPD vs. non-degenerative patients, Mann–Whitney-U).

Perioperative damage as reported by sGFAP is influenced by age, motor and cognitive 
symptoms and baseline sGFAP
We observed a strong correlation between values at baseline and the first postoperative time point in PwPD, both 
for log(sNfL) (log(sNfL) r = 0.71, p < 0.001) and for log(sGFAP) (r = 0.72, p < 0.001). These correlations were also 
observed in non-degenerative patients (only significant for log(sNfL) r = 0.8, p = 0.003, log(sGFAP): ns). Patients 
with higher values at baseline thus showed higher postoperative values of log(sNfL) and log(sGFAP).

To identify risk factors of increased perioperative damage, we aimed to predict postoperative log(sGFAP) 
and log(sNfL) values in PwPD from baseline data by using a random forest regressor. A random forest regressor 
predicted postoperative values at chance level. Using gradient boosting, however, a model incorporating age, 
UPDRS III in the OFF condition, the total MoCA score and the baseline log(sGFAP) value explained about 
50% of the variance in postoperative log(sGFAP) values (r2 = 0.49). Of the factors in this model, the relative 
importance of preoperative log(sGFAP) was by far the highest (0.7), with all other factors having a combined 
importance < 0.3. This could not be replicated for log(sNfL) values, indicating that GFAP could be better suited 
to report differences in perioperative damage between individual patients.

To explore these findings in more detail, we examined individual correlations with log(sNfL) and log(sGFAP) 
values. In contrast to the findings with gradient boosting, the degree of change of log(sNfL) and log(sGFAP) 
did not correlate significantly with age. MoCA total values were negatively correlated to the degree of change 
in log(sGFAP) values with r = -0.61 (Fig. 2c, p = 0.001), i.e., patients with cognitive impairment showed more 
perioperative damage as reported by log(sGFAP). The GPi is often used as a DBS target in patients with cognitive 
impairment. To ensure that the correlation of log(sGFAP) and MoCA was not biased by this, we computed the 
correlation without PwPD that received GPi-DBS. The correlation remained moderate with r = − 0.54 (p = 0.008). 
The correlation of MoCA with log(sNfL) was not significant. Correlations of baseline log(sNfL) and log(sGFAP) 
with the maximum change from baseline (second postoperative time point for log(sNfL) and first postoperative 
time point for log(sGFAP)) were also not significant.

The change in log(sGFAP) or log(sNfL) after surgerydid not correlate significantly with further PD-specific 
assessments (UPDRS III total score, Hoehn and Yahr-stage, presence of dyskinesias or other disease related 
complications, not shown), or with comorbidities (diabetes, arterial hypertension, uremia, nicotine abuse). BMI 
was moderately positively correlated to the degree of change of log(sNfL) in PwPD (r = 0.5, p = 0.02), but not in 
non-degenerative conditions. There was no significant correlation with the degree of change of log(sGFAP). This 
correlation was reversed, but not significant when controlling for preoperative log(sNfL), indicating that this 
correlation is driven by baseline values (partial correlation r = − 0.59, p = 0.07). The observation itself might be 
explained by an increased distribution volume in patients with a higher BMI.

We used a mixed-linear model to test if log(sNFL) and log(sGFAP) dynamics following DBS surgery differ 
across motor phenotypes (tremor-dominant, akinetic-rigid and mixed, Suppl. Fig. 1). The main effects for motor 
phenotypes (i.e. global effect of motor phenotype across all time points) were not significant for both markers. 
Nevertheless, we found stronger increases of log(sGFAP) at the first postoperative time point in akinetic-
rigid compared to tremor-dominant type (p = 0.034 for interaction effect). We observed a similar relationship 

Fig. 2.  Correlations of clinical variables with markers of neuronal injury in PwPD after DBS. (A) BMI; (B) 
Age, (C: MoCA Score. Note that panel (C) shows the correlations of preoperative MoCA scores with the first 
postoperative measurement of log(sGFAP), the other panels show correlations with baseline serum marker 
measurements. Log(sGFAP): blue, log(sNfL): red.
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in log(sNFL), which showed a significantly stronger increase at the third postoperative time point in mixed 
compared to tremor-dominant type and the same trend for the akinetic-rigid type (p = 0.030 and p = 0.059 for 
interaction effect, respectively).

Factors of the DBS surgery itself, i.e., the duration of the operation, the number of microelectrodes used, or 
asleep/awake surgery and the total energy delivered by the stimulation at different time points, did not show 
any significant association (Spearman’s rho) or significant differences (Mann–Whitney-U) between groups. 
However, the change in log(sGFAP) after surgery was significantly higher in patients with immediate post-
operative complications (p = 0.014, Mann–Whitney-U, n = 6 in total, see Table 1), while we did not observe any 
differences in the change in postoperative change in log(sNFL) (p = 0.805, Mann–Whitney-U).

Discussion
In this study, we performed longitudinal measurements of serum biomarkers of neuronal (sNfL) and glial 
(sGFAP) injury after DBS surgery in a cohort of patients with movement disorders, namely PD, dystonia and ET. 
To the best of our knowledge, this is the first study reporting prospective postoperative measurements of sGFAP 
in DBS patients. Both sNfL and sGFAP exhibited a temporary increase following surgery, but sGFAP displayed 
a significantly faster kinetic response compared to sNfL.

We found no relevant differences in serum marker measurements between PD and non-degenerative 
disorders, i.e., dystonia and ET or metabolic predisposition (i.e., presence of arterial hypertension, diabetes, or 
uremia). Moreover, neither asleep versus awake surgery nor the number of microelectrodes inserted influenced 
postoperative biomarker levels. While a previous study suggested a near-significant trend toward increased 
neuro-axonal damage with a greater number of microelectrode recordings, this association was not observed for 
sGFAP19. We therefore hypothesize that the postoperative sGFAP increase results from a foreign body reaction17 
rather than direct intraoperative trauma, which would be more severe with a higher number of microelectrode 
tracts. It should be noted, however, that the variance of microelectrode tracks was small and that the first post-
operative time point was 3–5 days after the DBS implantation, potentially missing an initial sGFAP peak caused 
by the insertion of microelectrodes34. Furthermore, the sensitivity of sGFAP might not be sufficient to detect 
small differences in traumata induced by thinner microelectrodes compared to DBS leads with a higher diameter. 
Since the perioperative change in sGFAP and baseline sGFAP were moderately correlated, non-injury-associated 
factors like elimination mechanisms observed in sNfL could play a role in the observed changes.

Baseline values of sNfL where higher in older participants (Fig. 2b), consistent with previous findings by 
others35. We also observed a negative association between sNfL and BMI (Fig. 2a), which has been explained 
by the increased distribution volume of NfL released from the nervous system36. Apart from a non-significant 
correlation between BMI and sGFAP in PwPD, these observations also apply to sGFAP (Fig.  2a and b), as 
has been observed in MS22,30. In contrast to Che et al.25 we did not find a direct association between motor 
phenotype and sGFAP, however, we were able to identify different trajectories in postoperative sGFAP and sNfL 
dynamics with stronger biomarker increases in mixed or akinetic-rigid types compared to the tremor-dominant 
type. This relationship could point to a higher vulnerability in selected motor phenotypes and warrants further 
investigation.

Serum GFAP transiently increased after DBS surgery, returning to baseline values just weeks after surgery 
(Fig. 1). This is markedly different from sNfL, which only returned to baseline 3 – 6 months after surgery (Fig. 1 
and previous reports19). Elevated levels of sGFAP24 and sNfL37 are strongly associated with clinical milestones 
of PD (dementia, falls, nursing home placement and hallucinations) and with limited survival38,39. The fact that 
both biomarkers returned to baseline confirms the long-term safety of DBS therapy – albeit in patients carefully 
selected for this procedure. In particular, the lack of an increase of sGFAP or sNfL after initiation of electrical 
stimulation and the lack of an association of both biomarkers to the total energy delivered by DBS demonstrates 
that the stimulation is not harmful and does not by itself confer a risk of accelerated neurodegeneration19. Due 
to the rapid postoperative normalization, this finding is clearest for sGFAP (Fig. 1); the time course of sNfL 
confirms our previous findings19.

We hypothesized that the faster kinetic of sGFAP, compared to sNfL, might aid in detecting delayed injury 
after DBS surgery. Considering immediate postoperative complications (delirium n = 4, intracranial hemorrhage 
n = 2), we observed a significantly greater increase in the postoperative log(sGFAP) while no differences were 
found in log(sNfL). This is supportive of our hypothesis that sNfL is less influenced by certain immediate 
postoperative events. Other DBS-related complications in PwPD, such as peri-lead edema (PLE) and cognitive 
deterioration, may occur with a delay and hence could go undetected in routine post-surgical clinical monitoring.

PLE constitutes a rather commonly observed adverse event after DBS surgery, with at least 14.7% of DBS 
patients developing PLE after surgery, only half of which are symptomatic, i.e. presenting seizures or transient 
focal neurological deficits15. One study even reported some degree of PLE in all of 18 consecutively investigated 
DBS patients postoperatively40 and thus, PLE may be underdiagnosed in clinical practice. As discussed above, 
the pathophysiology of PLE is not fully understood but glial reactivity might contribute to the development of 
PLE, as has been shown for other forms of brain edema41. PLE typically occurs with a delay of up to 3 weeks after 
surgery40, hence at a time point when sGFAP has already returned to baseline in most cases (Fig. 1). Increasing 
or persistently increased sGFAP values during this time could therefore indicate additional injury. Although 
PLE tends to be a transient self-limiting phenomenon in most cases, more recent reports linked DBS-related 
postoperative brain edema to long-term cognitive deterioration16.

Glial reactivity24 and inflammatory responses42 are known to be heightened in PwPD with lower cognitive 
performance, which is supported by our finding of higher postoperative sGFAP values in this group. This might 
suggest an increased risk of PLE in this population, and in turn could further contribute to accelerated cognitive 
decline in this population. Even within the narrow range of MoCA scores in our cohort, a lower preoperative 
MoCA score was associated with a greater perioperative increase in sGFAP (Fig.  2c). This finding suggests 
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that even moderate cognitive impairment heightens the risk for perioperative damage, supporting the practice 
of excluding patients with significant cognitive impairment from DBS surgery43. Nevertheless, our findings 
indicate that there is no clear threshold for a “safe” DBS surgery. Instead, safety seams to decline gradually with 
cognitive performance, thus constituting an argument for “early” DBS surgery in patients that are expected to 
benefit from the procedure. Additionally, our findings underline the importance of standardized preoperative 
cognitive testing in PD44.

There are limitations to this study. First, this was a single center study, and the results should be confirmed in 
a multicenter study. Second, a substantial number of measurements at the third time point are missing (35%) due 
to organizational aspects; the first activation of DBS in a few PwPD and in most patients with non-degenerative 
diseases was done in an outpatient setting. Third, the number of non-degenerative patients included in our 
cohort was low. These patients mainly represent a control group in comparison to PwPD, so our study was 
not able to identify possible risk factors for surgery unique to either dystonia or ET. While we were able to 
characterize the longitudinal kinetics of sGFAP versus sNfL after DBS surgery, we can only suggest sGFAP as 
a suitable biomarker for delayed postoperative complications involving glial response (i.e., PLE and delayed 
cognitive decline). This study did not test for the presence of PLE via brain imaging, nor did we conduct long-
term follow-up on cognitive function. Therefore, additional studies are needed.

Conclusion
In summary, our study explored different serum dynamics of markers of neuronal versus glial brain injury 
following DBS surgery. Due to its long half-life, sNfL measurements are less useful to detect additional or 
delayed brain injury after DBS surgery, such as PLE, because – as shown here and elsewhere45,46 – sNfL remains 
elevated for months after neuronal injury. Serum GFAP rises and falls more rapidly after surgery in comparison 
to sNfL. Therefore, sGFAP could serve as a blood-based biomarker for safety assessments, particularly when 
imaging should be avoided, is not available or inconclusive. Additionally, we observed a negative correlation 
between preoperative cognitive function, as measured by MoCA, and sGFAP, which was not seen for sNfL. This 
suggests that sGFAP is more consistently associated with preoperative risk factors and may be better suited for 
detecting perioperative damage and risk. As sGFAP (i) shows a favorable kinetic to detect acute injury after DBS 
surgery, (ii) its postoperative increase is associated with preoperative cognitive performance and (iii) indicates 
glial damage, it might be suitable to examine delayed post-DBS complications more systematically.

Methods
Study population and design
Patients were recruited at the University Hospital Dresden between March 2018 and November 2023. The 
study was approved by the institutional review board of the Technische Universität Dresden (EK533122019, 
EK 487122016, IRB 00001473). Written informed consent was obtained from all participants before inclusion 
in the study. All study procedures were performed in accordance with relevant local guidelines and regulations.

Measurements of serum markers were collected as follows: (i) preoperative baseline (time point 0): within 
2 days before surgery (n = 58), (ii) postoperative time point 1: 3–5 days postoperatively (n = 50), (iii) postoperative 
time point 2: 6–8 weeks after DBS surgery, before activation of stimulation (n = 49), (iv) postoperative time point 
3: up to one week after activation of stimulation (n = 38) and (v) postoperative time point 4: 3–6 months after 
activation of stimulation (n = 51).

Demographic data were collected from all participants. For PD patients, this included further clinical 
information about motor and cognitive status (Hoehn & Yahr stage, Unified Parkinson’s Disease Rating Scale 
(UPDRS) part III in the OFF and ON condition, Montreal Cognitive Assessment (MoCA)) and the presence 
of disease-related complications. For all patients, we obtained information about common cardiovascular risk 
factors such as arterial hypertension, diabetes, uremia, BMI and smoking status.

A total of 64 patients were recruited for this study. The data of 6 patients were excluded from the analysis (all 
of them with PD), since either the baseline measurement was missing or less than half (i.e. 1 or 2) measurements 
had been performed. Thus, data of 58 patients were included in the analysis. Of the remaining 47 PwPD in our 
study, 44 received STN-DBS and 3 received GPi-DBS. All 3 dystonia patients received GPi-DBS and all 8 ET 
patients received VIM-DBS. Patients received implants of the following manufacturers: 45 Boston Scientific, 6 
Medtronic, 4 Abbott and 3 Aleva Neurotherapeutics.

sNfL and GFAP measurements
After preparation, serum samples were stored at − 20  °C. NfL measurement was performed as described 
previously, using the Advantage NF-Light Singleplex-Kit on a Simoa HD-1 instrument (Quanterix). Calibrators 
and diluted serum samples were measured in duplicate. The cut-off for variation of duplicates for the mean 
intraassay coefficient as well as the mean interassay coefficient was < 10%. Serum GFAP measurement was 
performed using the GFAP Singleplex-Kit from Quanterix on the same HD-1 instrument.

Statistical analyses
Comparisons between groups were carried out using the Mann–Whitney-U-Test, adjusted with Bonferroni 
correction where applicable. To assess differences between different time points, a Friedman’s test was 
performed. To assess differences between different time points, a Nemenyi-Friedman post-hoc test was used, 
which inherently corrects for multiplicity. We used a two-way ANOVA to determine the influence of the group 
(i.e. PD or non-degenerative) and the time points after surgery on sNfL and sGFAP measurements.

To normalize the right-skewed distribution of NFL in further analysis, natural log-transformation (log(sNfL)) 
was used, as described by others. The same transformation was applied to serum GFAP measurements. Bivariate 
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correlations were assessed with Spearman’s rank test. Since there is no global null-hypothesis assuming all 
correlations in the dataset are r = 0, these do not need to be corrected for multiplicity47.

To assess whether baseline data could predict postoperative log(sNfL) and log(sGFAP) values, a random forest 
regressor and gradient boosting were used. To test, whether log(sNFL) and log(sGFAP) dynamics following DBS 
surgery differ across motor phenotype, we used a mixed-linear model.

Statistical analyses were performed with Python. Sample size was not determined by a separate sample size 
estimate, as we tried to include all patients receiving DBS at our center from 2018 and 2023 that were available 
for assessments postoperatively and agreed to be included in this study.

Data availability
The data collected in this study are available from the corresponding author upon reasonable request.
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